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AGGREGATED SPIN-TORQUE NANO-OSCILLATORS
[0001] This application claims the benefit of provisional patent application
serial number 61/381,301, filed September 9, 2010, the disclosure of which is

hereby incorporated herein by reference in its entirety.

Field of the Disclosure

[0002] Embodiments of the present disclosure relate to spin-torque nano-
oscillators, which may be used to generate spin waves that propagate through
magnetic propagation materials.

Background of the Disclosure

[0003] A spin-torque nano-oscillator (STNO) is based on an interaction of a
spin-polarized current with a magnetic film. The interaction results in two
effects, which are giant magnetoresistance (GMR) and spin-transfer torque.
Figure 1 shows a frontwise cross-section of an STNO 10 according to the
prior art. The STNO 10 includes a spin polarizing layer 12, a conductive
spacer layer 14 over the spin polarizing layer 12, and a magnetic film 16 over
the conductive spacer layer 14. Both the spin polarizing layer 12 and the
magnetic film 16 are magnetic materials, such as ferromagnetic materials. As
such, the spin polarizing layer 12 has a net polarizing magnetic moment 18,
which may be based on permanent magnetization of the spin polarizing layer
12 or from external magnetization (not shown) of the spin polarizing layer 12.
The magnetic film 16 has small magnetic elements having magnetic moments
20. In the absence of other influences, the magnetic moments 20 may be
approximately aligned with a polarizing magnetic field 22, which may be
applied to the magnetic film 16 from an external source (not shown).

[0004] Figure 2 shows details of the STNO 10 illustrated in Figure 1
according to the prior art. During operation, the STNO 10 receives an
entering excitation current EDI. The entering excitation current EDI includes
electrons, which are used as charge carriers. Each of the charge carriers has
a property known as spin, which is a small quantity of angular momentum
intrinsic to the charge carrier. The entering excitation current EDI is normally
un-polarized, such that orientation of the spin of the charge carriers is
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random. However, by passing the entering excitation current EDI through the
spin polarizing layer 12 and since the spin polarizing layer 12 has the net
polarizing magnetic moment 18, the current inside the spin polarizing layer 12
becomes spin-polarized to provide a spin-polarized excitation current SDI to
the conductive spacer layer 14. The conductive spacer layer 14 substantially
magnetically isolates the magnetic film 16 from the spin polarizing layer 12,
such that the net polarizing magnetic moment 18 does not significantly
magnetically influence the magnetic moments 20 of the small magnetic
elements in the magnetic film 16.

[0005] The spin-polarized excitation current SDI is forwarded through the
conductive spacer layer 14 into the magnetic film 16. In an STNO,
polarization of the charge carriers in the spin-polarized excitation current SDI
produces an excitation of the magnetic moments 20 of the small magnetic
elements in the magnetic film 16, such that the spin-polarized excitation
current SDI causes the magnetic moments 20 to precess. As such, a spin-
transfer torque effect is exerted by the spin-polarized excitation current SDI on
the magnetic film 16. Specifically, when the polarization of the charge carriers
and magnetization of the film are not parallel, a spin-transfer torque will be
exerted to alter the direction of the magnetic moments 20 of the small
magnetic elements in the magnetic film 16. This spin-transfer torque is
propagated to adjacent small magnetic elements in the magnetic film 16,
thereby altering the directions of the magnetic moments 20 of the adjacent
small magnetic elements in the magnetic film 16. In this regard, the
propagation of the spin-transfer torque drives oscillations in the directions of
the magnetic moments 20 of the small magnetic elements in the magnetic film
16. These oscillations are called spin waves 24 and propagate out from the
spin-polarized excitation current SDI with declining amplitudes 26. The spin-
polarized excitation current SDI flows through the magnetic film 16 and exits
as an exiting excitation current XDI. The directions of the excitation currents
EDI, SDI, XDl illustrated in Figure 2 are indicative of the direction of electron
flow, which is the direction of charge carrier flow.

[0006] Figure 3 illustrates behavior of a magnetic moment 20 of a single
small magnetic element in the magnetic film 16 illustrated in Figure 2
according to the prior art. The magnetic moments 20 of the small magnetic
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elements in the magnetic film 16 (Figure 2) collectively have an overall
magnetization direction 28, which may be substantially based on the
polarizing magnetic field 22 (Figure 2). However, when the single small
magnetic element is subjected to spin-transfer torque, the direction of its
magnetic moment 20 is altered, as shown in Figure 3. The spin-transfer
torque imparts a spin 30 to the magnetic moment 20 that traces an orbit
around the magnetization direction 28. The orbit may be approximately
elliptical in shape. The orbit may be described as an orbit of precession. A
spin-torque force 32 of the spin-transfer torque drives the magnetic moment
20 away from the magnetization direction 28 and a damping force 34
associated with the magnetization direction 28 drives the magnetic moment
20 toward the magnetization direction 28. When an average spin-torque force
32 is equal to an average damping force 34, the spin 30 will have an
approximate fixed orbit.

Summary of the Embodiments

[0007] The present disclosure relates to a nano-oscillator magnetic wave
propagation system having a group of aggregated spin-torque nano-
oscillators (ASTNOs), which share a magnetic propagation material. Each of
the group of ASTNOs is disposed about an emanating point in the magnetic
propagation material. During a non-wave propagation state of the nano-
oscillator magnetic wave propagation system, the magnetic propagation
material receives a polarizing magnetic field. During a wave propagation
state of the nano-oscillator magnetic wave propagation system, each of the
group of ASTNOs initiates spin waves through the magnetic propagation
material, such that a portion of the spin waves initiated from each of the group
of ASTNOs combine to produce an aggregation of spin waves emanating
from the emanating point. The aggregation of spin waves may provide a
sharper wave-front and a larger wave-front amplitude than wave-fronts and
wave-front amplitudes of the individual spin waves initiated from each of the
group of ASTNOs. The sharper wave-front and larger wave-front amplitude of
the aggregation of spin waves may enhance detection of the spin waves.
[0008] In one embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
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a spin-wave wave-front based system, which detects and responds to certain
wave-fronts of spin waves propagating through the magnetic propagation
material. Such a system may be used in a spin-wave based polychronous
wave propagation system, which may provide polychronous activity that is
analogous to polychronous activity in a brain. In an alternate embodiment of
the nano-oscillator magnetic wave propagation system, the nano-oscillator
magnetic wave propagation system is a spin-wave based communications
system, which uses spin waves propagating through the magnetic
propagation material to convey information. In an additional embodiment of
the nano-oscillator magnetic wave propagation system, the nano-oscillator
magnetic wave propagation system is a spin-wave based measurement
system, which measures the effects of one or more physical entities upon spin
waves propagating through the magnetic propagation material. Examples of
the physical entities include radio frequency (RF) energy, light, vibration,
sound waves, temperature, radiation, and the like. As such, the spin-wave
based measurement system may be used as a sensor or transducer.

[0009] In another embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
an energy capturing system, which uses spin waves propagating through the
magnetic propagation material to capture energy, direct energy, or both. In a
further embodiment of the nano-oscillator magnetic wave propagation system,
the nano-oscillator magnetic wave propagation system is a spin-wave locking
system, which phase locks or frequency locks a spin-torque nano-oscillator
(STNO) to spin waves propagating through the magnetic propagation
material. In a supplemental embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
a data memory storage system, which uses the magnetic propagation
material to store information, such that the spin waves propagating through
the magnetic propagation material directly, indirectly, or both store and
retrieve the information.

[0010] Those skilled in the art will appreciate the scope of the present
disclosure and realize additional aspects thereof after reading the following
detailed description of the preferred embodiments in association with the
accompanying drawing figures.

PCT/US2011/044790
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Brief Description of the Drawing Figures

[0011] The accompanying drawing figures incorporated in and forming a
part of this specification illustrate several aspects of the disclosure, and
together with the description serve to explain the principles of the disclosure.
[0012] Figure 1 shows a frontwise cross-section of a spin-torque nano-
oscillator (STNO) according to the prior art.

[0013] Figure 2 shows details of the STNO illustrated in Figure 1 according
to the prior art.

[0014] Figure 3 illustrates behavior of a magnetic moment illustrated in
Figure 2 according to the prior art.

[0015] Figure 4 shows details of a nano-oscillator magnetic wave
propagation system according to one embodiment of the nano-oscillator
magnetic wave propagation system.

[0016] Figure 5 shows an aggregated STNO (ASTNO) structure illustrated
in Figure 4 according to one embodiment of the ASTNO structure.

[0017] Figure 6 shows a frontwise cross-section of the ASTNO structure
ilustrated in Figure 5 according to one embodiment of the ASTNO structure.
[0018] Figure 7 shows further details of the ASTNO structure illustrated in
Figure 6 according to one embodiment of the ASTNO structure.

[0019] Figure 8 shows a frontwise cross-section of the ASTNO structure
illustrated in Figure 4 according to an alternate embodiment of the ASTNO
structure.

[0020] Figures 9A, 9B, 9C, and 9D show a topwise cross-section of the
ASTNO structure illustrated in Figure 5 according to an additional
embodiment of the ASTNO structure.

[0021] Figure 10 shows details of the nano-oscillator magnetic wave
propagation system according to an additional embodiment of the nano-
oscillator magnetic wave propagation system.

[0022] Figure 11 shows the frontwise cross-section of the ASTNO
structure illustrated in Figure 5 according to an alternate embodiment of the
ASTNO structure.
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[0023] Figure 12 shows the frontwise cross-section of the ASTNO
structure illustrated in Figure 5 according to another embodiment of the
ASTNO structure.

[0024] Figure 13 shows details of the nano-oscillator magnetic wave
propagation system according to another embodiment of the nano-oscillator
magnetic wave propagation system.

[0025] Figure 14 shows details of the nano-oscillator magnetic wave
propagation system according to one embodiment of the nano-oscillator
magnetic wave propagation system.

[0026] Figure 15 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 14 according to one embodiment of the
ASTNO structure.

[0027] Figure 16 shows details of the nano-oscillator magnetic wave
propagation system according to an alternate embodiment of the nano-
oscillator magnetic wave propagation system.

[0028] Figure 17 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 16 according to an alternate embodiment of
the ASTNO structure.

[0029] Figure 18 shows details of the nano-oscillator magnetic wave
propagation system according to an additional embodiment of the nano-
oscillator magnetic wave propagation system.

[0030] Figure 19 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 18 according to an additional embodiment of
the ASTNO structure.

[0031] Figure 20 shows details of the control circuitry illustrated in Figure
18 according to one embodiment of the control circuitry.

[0032] Figure 21 shows details of the nano-oscillator magnetic wave
propagation system according to another embodiment of the nano-oscillator
magnetic wave propagation system.

[0033] Figure 22 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 21 according to one embodiment of the
ASTNO structure.
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[0034] Figure 23 shows details of portions of the control circuitry and
portions of the ASTNO structure illustrated in Figure 21 according to one
embodiment of the control circuitry and the ASTNO structure.

[0035] Figure 24 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 21 according to an alternate embodiment of
the ASTNO structure.

[0036] Figure 25 shows details of the nano-oscillator magnetic wave
propagation system according to another embodiment of the nano-oscillator
magnetic wave propagation system.

[0037] Figure 26 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 25 according to an additional embodiment of
the ASTNO structure.

[0038] Figure 27 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 and Figure 25 according to a further embodiment of the
ASTNO structure.

[0039] Figures 28A, 28B, 28C, and 28D show the topwise cross-section of
the ASTNO structure illustrated in Figure 5 according to one embodiment of
the ASTNO structure.

[0040] Figure 29 shows the topwise cross-section of the ASTNO structure
illustrated in Figure 5 according to an alternate embodiment of the ASTNO
structure.

[0041] Figure 30 shows the frontwise cross-section of the ASTNO
structure illustrated in Figure 5 according to an additional embodiment of the
ASTNO structure.

[0042] Figure 31 shows details of the ASTNO structure illustrated in Figure
30 according to one embodiment of the ASTNO structure.

Detailed Description of the Preferred Embodiments

[0043] The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the disclosure and
illustrate the best mode of practicing the disclosure. Upon reading the
following description in light of the accompanying drawing figures, those
skilled in the art will understand the concepts of the disclosure and will
recognize applications of these concepts not particularly addressed herein. It

PCT/US2011/044790
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should be understood that these concepts and applications fall within the
scope of the disclosure and the accompanying claims.

[0044] The present disclosure relates to a nano-oscillator magnetic wave
propagation system having a group of aggregated spin-torque nano-
oscillators (ASTNOs), which share a magnetic propagation material. Each of
the group of ASTNOs is disposed about an emanating point in the magnetic
propagation material. During a non-wave propagation state of the nano-
oscillator magnetic wave propagation system, the magnetic propagation
material receives a polarizing magnetic field. During a wave propagation
state of the nano-oscillator magnetic wave propagation system, each of the
group of ASTNOs initiates spin waves through the magnetic propagation
material, such that a portion of the spin waves initiated from each of the group
of ASTNOs combine to produce an aggregation of spin waves emanating
from the emanating point. The aggregation of spin waves may provide a
sharper wave-front and a larger wave-front amplitude than wave-fronts and
wave-front amplitudes of the individual spin waves initiated from each of the
group of ASTNOs. The sharper wave-front and larger wave-front amplitude of
the aggregation of spin waves may enhance detection of the spin waves.
[0045] In one embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
a spin-wave wave-front based system, which detects and responds to certain
wave-fronts of spin waves propagating through the magnetic propagation
material. Such a system may be used in a spin-wave based polychronous
wave propagation system, which may provide polychronous activity that is
analogous to polychronous activity in a brain. In an alternate embodiment of
the nano-oscillator magnetic wave propagation system, the nano-oscillator
magnetic wave propagation system is a spin-wave based communications
system, which uses spin waves propagating through the magnetic
propagation material to convey information. In an additional embodiment of
the nano-oscillator magnetic wave propagation system, the nano-oscillator
magnetic wave propagation system is a spin-wave based measurement
system, which measures the effects of one or more physical entities upon spin
waves propagating through the magnetic propagation material. Examples of
the physical entities include radio frequency (RF) energy, light, vibration,
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sound waves, temperature, radiation, and the like. As such, the spin-wave
based measurement system may be used as a sensor or transducer.

[0046] In another embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
an energy capturing system, which uses spin waves propagating through the
magnetic propagation material to capture energy, direct energy, or both. Ina
further embodiment of the nano-oscillator magnetic wave propagation system,
the nano-oscillator magnetic wave propagation system is a spin-wave locking
system, which phase locks or frequency locks a spin-torque nano-oscillator
(STNO) to spin waves propagating through the magnetic propagation
material. In a supplemental embodiment of the nano-oscillator magnetic wave
propagation system, the nano-oscillator magnetic wave propagation system is
a data memory storage system, which uses the magnetic propagation
material to store information, such that the spin waves propagating through
the magnetic propagation material directly, indirectly, or both store and
retrieve the information.

[0047] Figure 4 shows details of a nano-oscillator magnetic wave
propagation system 36 according to one embodiment of the nano-oscillator
magnetic wave propagation system 36. The nano-oscillator magnetic wave
propagation system 36 includes control circuitry 38, an ASTNO structure 40,
and a polarizing magnetic field system 42. The control circuitry 38 provides a
magnetic field configuration signal MFC to the polarizing magnetic field
system 42, which has magnetic coupling 44 to the ASTNO structure 40 and
provides a first polarizing magnetic field 46 to the ASTNO structure 40 via the
magnetic coupling 44 based on the magnetic field configuration signal MFC.
In an alternate embodiment of the nano-oscillator magnetic wave propagation
system 36, the polarizing magnetic field system 42 includes one or more
permanent magnets to provide the first polarizing magnetic field 46
continuously. As such, the magnetic field configuration signal MFC is omitted.
In an additional embodiment of the nano-oscillator magnetic wave
propagation system 36, the first polarizing magnetic field 46 is omitted. As
such, the polarizing magnetic field system 42, the magnetic coupling 44, and
the magnetic field configuration signal MFC are omitted.

PCT/US2011/044790
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[0048] During operation, the control circuitry 38 selects one of a first wave
propagation state and a non-wave propagation state. During the non-wave
propagation state, the polarizing magnetic field system 42 provides the first
polarizing magnetic field 46 based on the magnetic field configuration signal
MFC. In one embodiment of the polarizing magnetic field system 42, during
the first wave propagation state, the polarizing magnetic field system 42 does
not provide the first polarizing magnetic field 46 based on the magnetic field
configuration signal MFC. In an alternate embodiment of the polarizing
magnetic field system 42, during the first wave propagation state, the
polarizing magnetic field system 42 provides the first polarizing magnetic field
46 at about the same magnitude as during the non-wave propagation state
based on the magnetic field configuration signal MFC. In an additional
embodiment of the polarizing magnetic field system 42, during the first wave
propagation state, the polarizing magnetic field system 42 provides the first
polarizing magnetic field 46 at a reduced magnitude based on the magnetic
field configuration signal MFC.

[0049] During the first wave propagation state, the control circuitry 38
provides a first alpha entering excitation current FAEI and a second alpha
entering excitation current SAEI to the ASTNO structure 40. Additionally,
during the first wave propagation state, the control circuitry 38 receives a first
alpha exiting excitation current FAXI based on the first alpha entering
excitation current FAE| and receives a second alpha exiting excitation current
SAXI based on the second alpha entering excitation current SAEI. In general,
during the first wave propagation state, the control circuitry 38 provides a first
group of entering excitation currents, which includes the first alpha entering
excitation current FAEI and the second alpha entering excitation current SAEI,
and the control circuitry 38 receives a first group of exiting excitation currents,
which includes the first alpha exiting excitation current FAXI and the second
alpha exiting excitation current SAXI, The first group of exiting excitation
currents is based on the first group of entering excitation currents. During the
non-wave propagation state, the control circuitry 38 does not provide the first
alpha entering excitation current FAEI and does not provide the second alpha
entering excitation current SAEI. The directions of the excitation currents

PCT/US2011/044790
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FAEI, FAXI, SAEI, SAXl illustrated in Figure 4 are indicative of the direction of
electron flow.

[0050] Figure 5 shows the ASTNO structure 40 illustrated in Figure 4
according to one embodiment of the ASTNO structure 40. The ASTNO
structure 40 includes a first spin polarizing layer 48, a first conductive spacer
layer 50 over the first spin polarizing layer 48, a first magnetic propagation
material 52 over the first conductive spacer layer 50, and a first insulating
layer 54 over the first magnetic propagation material 52. As such, there may
be at least one intervening layer between the first spin polarizing layer 48 and
the first conductive spacer layer 50. There may be at least one intervening
layer between the first conductive spacer layer 50 and the first magnetic
propagation material 52. There may be at least one intervening layer
between the first magnetic propagation material 52 and the first insulating
layer 54. The ASTNO structure 40 illustrated in Figure 5 shows a location for
a frontwise cross-section FWCS of the ASTNO structure 40 and a location for
a topwise cross-section TWCS of the ASTNO structure 40. In one
embodiment of the first spin polarizing layer 48, the first spin polarizing layer
48 is about ten nanometers thick. Alternate embodiments of the first spin
polarizing layer 48 may be of any thickness. In one embodiment of the first
magnetic propagation material 52, the first magnetic propagation material 52
is a thin-film ferromagnet. In one embodiment of the first magnetic
propagation material 52, the first magnetic propagation material 52 is between
about 0.5 nanometers thick and about five nanometers thick. In an exemplary
embodiment of the first magnetic propagation material 52, the first magnetic
propagation material 52 is about one nanometer thick. In one embodiment of
the first magnetic propagation material 52, the first magnetic propagation
material 52 is a combination of films. In alternate embodiments of the ASTNO
structure 40, any or all of the layers 48, 50, 52, 54 may be omitted; additional
layers (not shown) may be added, or both.

[0051] In an alternate embodiment of the ASTNO structure 40, the first
conductive spacer layer 50 is directly over the first spin polarizing layer 48, the
first magnetic propagation material 52 is directly over the first conductive
spacer layer 50, and the first insulating layer 54 is directly over the first
magnetic propagation material 52. As such, there are no intervening layers

PCT/US2011/044790



10

15

20

25

30

WO 2012/033571

P1244 12

between the first spin polarizing layer 48 and the first conductive spacer layer
50. There are no intervening layers between the first conductive spacer layer
50 and the first magnetic propagation material 52. There are no intervening
layers between the first magnetic propagation material 52 and the first
insulating layer 54.

[0052] Figure 6 shows the frontwise cross-section FWCS of the ASTNO
structure 40 illustrated in Figure 5 according to one embodiment of the
ASTNO structure 40. The ASTNO structure 40 illustrated in Figure 6 includes
the first spin polarizing layer 48, the first conductive spacer layer 50, the first
magnetic propagation material 52, the first insulating layer 54, and a first
group 56 of ASTNOs, which includes a first alpha ASTNO 58 and a second
alpha ASTNO 60. The first alpha ASTNO 58 and the second alpha ASTNO
60 share the first spin polarizing layer 48, the first conductive spacer layer 50,
the first magnetic propagation material 52, and the first insulating layer 54. In
general, all of the first group 56 of ASTNOs share the first spin polarizing layer
48, the first conductive spacer layer 50, the first magnetic propagation
material 52, and the first insulating layer 54.

[0053] The first magnetic propagation material 52 is planer material having
a first planer surface 62 and a second planer surface 64, which is about
parallel to and opposite from the first planer surface 62. In alternate
embodiments of the first magnetic propagation material 52, the first magnetic
propagation material 52 is not planer material. A hole traverses the first
insulating layer 54, thereby exposing a first point contact 66 on the first planer
surface 62 and another hole traverses the first insulating layer 54, thereby
exposing a second point contact 68 on the first planer surface 62. As such,
the first magnetic propagation material 52 includes the first point contact 66
and the second point contact 68 on the first magnetic propagation material 52.
The first alpha ASTNO 58 includes the first point contact 66 and the second
alpha ASTNO 60 includes the second point contact 68. In general, the first
group 56 of ASTNOs includes a first group of point contacts, which include the
first point contact 66 and the second point contact 68. As such, the first
magnetic propagation material 52 includes the first group of point contacts on
the first magnetic propagation material 52.

PCT/US2011/044790
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[0054] Both the first spin polarizing layer 48 and the first magnetic
propagation material 52 are magnetic materials, such as ferromagnetic
materials. As such, the first spin polarizing layer 48 has a first net polarizing
magnetic moment 70, which may be based on permanent magnetization of
the first spin polarizing layer 48 or from external magnetization (not shown) of
the first spin polarizing layer 48. The first magnetic propagation material 52
has small magnetic elements having magnetic moments 20. In general, the
first magnetic propagation material 52 has a first group of magnetic moments
20.

[0055] In one embodiment of the first magnetic propagation material 52,
during at least the non-wave propagation state, the first magnetic propagation
material 52 receives the first polarizing magnetic field 46 provided by the
polarizing magnetic field system 42 (Figure 4). In the absence of other
influences, the magnetic moments 20 of the first magnetic propagation
material 52 may have a first magnetization direction 72, which may be
approximately aligned with the first polarizing magnetic field 46. In general,
during the non-wave propagation state, the magnetic moments 20 of the first
magnetic propagation material 52 may be substantially oriented based on the
first polarizing magnetic field 46.

[0056] In an alternate embodiment of the first magnetic propagation
material 52, during at least the non-wave propagation state, the first polarizing
magnetic field 46 is omitted. As such, the magnetic moments 20 of the first
magnetic propagation material 52 may have the first magnetization direction
72, such that the magnetic moments 20 are approximately aligned with one
another. In general, during the non-wave propagation state, the magnetic
moments 20 of the first magnetic propagation material 52 may be
substantially oriented based on magnetic anisotropy or other forces.

[0057] During the first wave propagation state, the first alpha ASTNO 58
receives the first alpha entering excitation current FAEI. The first alpha
entering excitation current FAEI includes electrons, which are used as charge
carriers. The first alpha entering excitation current FAEI is normally un-
polarized, such that orientation of the spin of the charge carriers is random.
However, by passing the first alpha entering excitation current FAEI through
the first spin polarizing layer 48 and since the first spin polarizing layer 48 has
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the first net polarizing magnetic moment 70, the current inside the first spin
polarizing layer 48 becomes spin-polarized to provide a first alpha spin-
polarized excitation current FASI to the first conductive spacer layer 50. The
first conductive spacer layer 50 substantially magnetically isolates the first
magnetic propagation material 52 from the first spin polarizing layer 48, such
that the first net polarizing magnetic moment 70 does not significantly
magnetically influence the magnetic moments 20 of the small magnetic
elements in the first magnetic propagation material 52.

[0058] The first alpha spin-polarized excitation current FASI is forwarded
through the first conductive spacer layer 50 into the first magnetic propagation
material 52. Polarization of the charge carriers in the first alpha spin-polarized
excitation current FASI produces an excitation of the magnetic moments 20 of
some of the small magnetic elements in the first magnetic propagation
material 52. As such, the spin-transfer torque effect is exerted by the first
alpha spin-polarized excitation current FASI on the first magnetic propagation
material 52. Specifically, when the polarization of the charge carriers and
magnetization of the film are not parallel, the spin-transfer torque will be
exerted to alter the direction of the magnetic moments 20 of the small
magnetic elements in the first magnetic propagation material 52. This spin-
transfer torque is propagated to adjacent small magnetic elements in the first
magnetic propagation material 52, thereby altering the directions of the
magnetic moments 20 of the adjacent small magnetic elements in the first
magnetic propagation material 52. In this regard, the propagation of the spin-
transfer torque drives oscillations in the directions of the magnetic moments
20 of the small magnetic elements in the magnetic film 16. These oscillations
are called spin waves 24 and propagate out from first alpha spin-polarized
excitation current FASI. The first alpha spin-polarized excitation current FASI
flows through the first magnetic propagation material 52 and through the first
point contact 66 to exit as the first alpha exiting excitation current FAXI. In
general, during the first wave propagation state, the spin waves 24 initiated
from the first group 56 of ASTNOs propagate through the first magnetic
propagation material 52 by magnetically coupling to nearby magnetic
moments 20 in the first magnetic propagation material 52.
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[0059] During the first wave propagation state, the second alpha ASTNO
60 receives the second alpha entering excitation current SAEI. The second
alpha entering excitation current SAEI includes electrons, which are used as
charge carriers. The second alpha entering excitation current SAEI is
normally un-polarized, such that orientation of the spin of the charge carriers
is random. However, by passing the second alpha entering excitation current
SAEI through the first spin polarizing layer 48 and since the first spin
polarizing layer 48 has the first net polarizing magnetic moment 70, the
current inside the first spin polarizing layer 48 becomes spin-polarized to
provide a second alpha spin-polarized excitation current SASI to the first
conductive spacer layer 50.

[0060] The second alpha spin-polarized excitation current SASI is
forwarded through the first conductive spacer layer 50 into the first magnetic
propagation material 52. Polarization of the charge carriers in the second
alpha spin-polarized excitation current SASI| produces an excitation of the
magnetic moments 20 of some of the small magnetic elements in the first
magnetic propagation material 52. As such, the spin-transfer torque effect is
exerted by the second alpha spin-polarized excitation current SASI on the first
magnetic propagation material 52. As a result, spin-transfer torque is
propagated to adjacent small magnetic elements in the first magnetic
propagation material 52, thereby altering the directions of the magnetic
moments 20 of the adjacent small magnetic elements in the first magnetic
propagation material 52. In this regard, the propagation of the spin-transfer
torque drives spin waves 24 that propagate out from second alpha spin-
polarized excitation current SASI. The second alpha spin-polarized excitation
current SASI flows through the first magnetic propagation material 52 and
through the second point contact 68 to exit as second alpha exiting excitation
current SAXI. The magnetic moments 20 of the small magnetic elements in
the first magnetic propagation material 52 collectively have the first
magnetization direction 72, which may be substantially based on the first
polarizing magnetic field 46, on magnetic anisotropy, or on other forces.
[0061] In general, during the first wave propagation state, the first group 56
of ASTNOs has a first group of spin-polarized excitation currents, which
include the first alpha spin-polarized excitation current FASI and the second
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alpha spin-polarized excitation current SASI. Each of the first group 56 of
ASTNOs has a corresponding one of the first group of spin-polarized
excitation currents. Each of the first group of spin-polarized excitation
currents exerts spin-torque on a corresponding portion of the first group of
magnetic moments 20. Further, each of the first group 56 of ASTNOs has a
corresponding one of the first group of point contacts, such that the
corresponding one of the first group of spin-polarized excitation currents
provides a corresponding one of the first group of exiting excitation currents
via a corresponding one of the first plurality of point contacts. The control
circuitry 38 (Figure 4) receives the first group of exiting excitation currents via
the first group of point contacts.

[0062] In a first embodiment of the first group 56 of ASTNOs and the first
magnetic propagation material 52, the spin waves 24 initiated from the first
group 56 of ASTNOs propagate through the first magnetic propagation
material 52 having a frequency between about 500 megahertz and about 200
gigahertz. In a second embodiment of the first group 56 of ASTNOs and the
first magnetic propagation material 52, the spin waves 24 initiated from the
first group 56 of ASTNOSs propagate through the first magnetic propagation
material 52 having a frequency between about one gigahertz and about 100
gigahertz. In one embodiment of the first group 56 of ASTNOs and the first
magnetic propagation material 52, the spin waves 24 initiated from the first
group 56 of ASTNOs have an effective propagation distance on the order of
tens of micrometers. In one embodiment of the first group 56 of ASTNOs and
the first magnetic propagation material 52, the spin waves 24 initiated from
the first group 56 of ASTNOs propagate through the first magnetic
propagation material 52 with a propagation velocity on the order of thousands
of meters per second.

[0063] Figure 7 shows further details of the ASTNO structure 40 illustrated
in Figure 6 according to one embodiment of the ASTNO structure 40. The
ASTNO structure 40 illustrated in Figure 7 is similar to the ASTNO structure
40 illustrated in Figure 6, except the ASTNO structure 40 illustrated in Figure
7 further includes a first emanating point 74 in the first magnetic propagation
material 52, such that the first alpha ASTNO 58 and the second alpha ASTNO
60 are disposed about the first emanating point 74. As such, the first point
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contact 66 and the second point contact 68 are disposed about the first
emanating point 74. In one embodiment of the ASTNO structure 40, the first
emanating point 74 is a first centroid, such that the first alpha ASTNO 58 and
the second alpha ASTNO 60 are about equidistantly located from the first
emanating point 74. The first point contact 66 and the second point contact
68 may be about equidistantly located from the first emanating point 74, such
that each of the first group of point contacts is about equidistantly located from
the first emanating point 74. Additionally, the ASTNO structure 40 illustrated
in Figure 7 further shows a first aggregation 76 of spin waves emanating from
the first emanating point 74. A portion of the spin waves 24 (Figure 6) from
the first alpha ASTNO 58 and a portion of the spin waves 24 (Figure 6) from
the second alpha ASTNO 60 combine to produce the first aggregation 76 of
spin waves. The first aggregation 76 of spin waves propagates outward from
the first emanating point 74 with a declining amplitude 26.

[0064] In one embodiment of the first group 56 of ASTNOs, the spin waves
24 (Figure 6) from the first alpha ASTNO 58 and the spin waves 24 (Figure 6)
from the second alpha ASTNO 60 are initiated simultaneously and have
corresponding wave-fronts and wave-front amplitudes. The spin waves 24
(Figure 6) from the first alpha ASTNO 58 and the spin waves 24 (Figure 6)
from the second alpha ASTNO 60 combine to produce the first aggregation 76
of spin waves, such that the first aggregation 76 of spin waves has a wave-
front and a wave-front amplitude. As such, the first aggregation 76 of spin
waves may provide a sharper wave-front and a larger wave-front amplitude
than wave-fronts and wave-front amplitudes of the spin waves 24 (Figure 6)
initiated from each of the first group 56 of ASTNOs. The sharper wave-front
and larger wave-front amplitude of the first aggregation 76 of spin waves may
enhance detection of the spin waves.

[0065] In general, each of the first group 56 of ASTNOs is disposed about
the first emanating point 74 and each of the first group of point contacts is
disposed about the first emanating point 74. In one embodiment of the
ASTNO structure 40, the first emanating point 74 is the first centroid, such
that each of the first group 56 of ASTNOs is about equidistantly located from
the first emanating point 74 and each of the first group of point contacts is
about equidistantly located from the first emanating point 74.
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[0066] During the first wave propagation state, each of the first group of
point contacts and a corresponding portion of the first magnetic propagation
material 52 provide a corresponding one of the first group 56 of ASTNOs.
Further, each of the first group 56 of ASTNOs initiates spin waves 24 (Figure
6) through the first magnetic propagation material 52, such that a portion of
the spin waves 24 (Figure 6) from each of the first group 56 of ASTNOs
combine to produce the first aggregation 76 of spin waves emanating from the
first emanating point 74. In one embodiment of the first magnetic propagation
material 52, the first magnetic propagation material 52 is planer material, such
that the first aggregation 76 of spin waves propagates predominantly in two
dimensions. Further, in one embodiment of the ASTNO structure 40, during
the first wave propagation state, each of the first group 56 of ASTNOs about
simultaneously initiates spin waves 24 (Figure 6) through the first magnetic
propagation material 52.

[0067] Figure 8 shows a frontwise cross-section of the ASTNO structure
40 illustrated in Figure 4 according to an alternate embodiment of the ASTNO
structure 40. The ASTNO structure 40 illustrated in Figure 8 is similar to the
ASTNO structure 40 illustrated in Figure 7, except the ASTNO structure 40
illustrated in Figure 7 is a planer structure, whereas the ASTNO structure 40
illustrated in Figure 8 is a spherical structure. In this regard, the first spin
polarizing layer 48, the first conductive spacer layer 50, and the first insulating
layer 54 of the ASTNO structure 40 illustrated in Figure 7 are replaced with a
spherical spin polarizing layer 78, a spherical conductive spacer layer 80, and
a spherical insulating layer 82, respectively, in the ASTNO structure 40
illustrated in Figure 8.

[0068] The first magnetic propagation material 52 illustrated in Figure 7 is
planer material, whereas the first magnetic propagation material 52 illustrated
in Figure 8 is spherical material. As such, directions of the first polarizing
magnetic field 46 and the first magnetization direction 72 illustrated in Figure 8
change to follow curvature of the first magnetic propagation material 52,
whereas the directions of the first polarizing magnetic field 46 and the first
magnetization direction 72 illustrated in Figure 7 are about constant
throughout the first magnetic propagation material 52. Similarly, propagation
of the first aggregation 76 of spin waves illustrated in Figure 8 changes to
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follow curvature of the first magnetic propagation material 52, whereas the
propagation of the first aggregation 76 of spin waves illustrated in Figure 7 is
predominantly in two dimensions. As such, the first magnetic propagation
material 52 is bulk material, such that the first aggregation 76 of spin waves
propagates in three dimensions. Other embodiments of the first magnetic
propagation material 52 may propagate in alternate three dimensional
patterns.

[0069] The first spin polarizing layer 48 illustrated in Figure 7 is planer
material, whereas the spherical spin polarizing layer 78 illustrated in Figure 8
is spherical material. As such, the direction of the first net polarizing magnetic
moment 70 illustrated in Figure 8 changes to follow curvature of the spherical
spin polarizing layer 78, whereas the direction of the first net polarizing
magnetic moment 70 illustrated in Figure 7 is about constant throughout the
first spin polarizing layer 48.

[0070] Figures 9A, 9B, 9C, and 9D show the topwise cross-section TWCS
of the ASTNO structure 40 illustrated in Figure 5 according to an additional
embodiment of the ASTNO structure 40. The topwise cross-section TWCS of
the ASTNO structure 40 is taken inside the first magnetic propagation material
52. Further, the topwise cross-section TWCS illustrated in Figures 9A, 9B,
9C, and 9D includes portions of the first group 56 of ASTNOs and shows
portions of the first alpha ASTNO 58, the second alpha ASTNO 60, and a
third alpha ASTNO 84 in the first magnetic propagation material 52.
Additionally, the topwise cross-section TWCS of the ASTNO structure 40
shows the first emanating point 74, a first intersection point 86, a second
intersection point 88, and a third intersection point 90 in the first magnetic
propagation material 52. The first emanating point 74 illustrated in Figures
9A, 9B, 9C, and 9D is the first centroid.

[0071] Each of the alpha ASTNOs 58, 60, 84 is located at a corresponding
vertex of a first equilateral triangle (not shown). Additionally, each of the
intersection points 86, 88, 90 is located at a corresponding vertex of a second
equilateral triangle (not shown). The first emanating point 74 provides a
centroid of the first equilateral triangle and a centroid of the second equilateral
triangle, which is rotated from the first equilateral triangle by 60 degrees. As
such, the vertices of the first equilateral triangle and the second equilateral
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triangle provide vertices for a regular hexagon (not shown). Alternate
embodiments (not shown) of the first group 56 of ASTNOs may include any
number of ASTNOs 58, 60, 84 associated with any number of intersection
points 86, 88, 90. Further, the ASTNOs 58, 60, 84 may be located at the
vertices of a polygon having any number of sides and the intersection points
86, 88, 90 may be located at the vertices of a polygon having any number of
sides.

[0072] The first alpha ASTNO 58, the second alpha ASTNO 60, and the
third alpha ASTNO 84 are excited simultaneously and begin emanating spin
waves 24 (Figure 6). As such, Figure 9B shows a first spin-wave wave-front
92 of the spin waves 24 (Figure 6) emanating from the first alpha ASTNO 58,
a second spin-wave wave-front 94 of the spin waves 24 (Figure 6) emanating
from the second alpha ASTNO 60, and a third spin-wave wave-front 96 of the
spin waves 24 (Figure 6) emanating from the third alpha ASTNO 84. The first
spin-wave wave-front 92 has a first wave-front amplitude (not shown). The
second spin-wave wave-front 94 has a second wave-front amplitude (not
shown). The third spin-wave wave-front 96 has a third wave-front amplitude
(not shown).

[0073] Figure 9C shows the spin-wave wave-fronts 92, 94, 96 illustrated in
Figure 9B at a later time, such that the first spin-wave wave-front 92 has
reached the first emanating point 74, the first intersection point 86, and the
third intersection point 90; the second spin-wave wave-front 94 has reached
the first emanating point 74, the first intersection point 86, and the second
intersection point 88; and the third spin-wave wave-front 96 has reached the
first emanating point 74, the third intersection point 90, and the second
intersection point 88. As such, a portion of the spin waves 24 (Figure 6) from
the first alpha ASTNO 58, a portion of the spin waves 24 (Figure 6) from the
second alpha ASTNO 60, and a portion of the spin waves 24 from the third
alpha ASTNO 84 combine to provide the first aggregation 76 (Figure 7) of
spin waves emanating from the first emanating point 74.

[0074] A portion of the spin waves 24 (Figure 6) from the first alpha
ASTNO 58 and a portion of the spin waves 24 (Figure 6) from the second
alpha ASTNO 60 combine to provide a first partial aggregation of spin waves
emanating from the first intersection point 86. A portion of the spin waves 24
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(Figure 6) from the second alpha ASTNO 60 and a portion of the spin waves
24 from the third alpha ASTNO 84 combine to provide a second partial
aggregation of spin waves emanating from the second intersection point 88.
A portion of the spin waves 24 from the third alpha ASTNO 84 and a portion
of the spin waves 24 (Figure 6) from the first alpha ASTNO 58 combine to
provide a third partial aggregation of spin waves emanating from the third
intersection point 90.

[0075] Figure 9D shows a first aggregated spin-wave wave-front 98 of the
first aggregation 76 (Figure 7) of spin waves emanating from the first
emanating point 74 and a first partially aggregated spin-wave wave-front 100
of the first partial aggregation of spin waves emanating from the first
intersection point 86. Figure 9D further shows a second partially aggregated
spin-wave wave-front 102 of the second partial aggregation of spin waves
emanating from the second intersection point 88 and a third partially
aggregated spin-wave wave-front 104 of the third partial aggregation of spin
waves emanating from the third intersection point 90. The first spin-wave
wave-front 92, the second spin-wave wave-front 94, and the third spin-wave
wave-front 96 are present but are not shown in Figure 9D for clarity. The
spin-wave wave-fronts 98, 100, 102, 104 illustrated in Figure 9D may be
formed from outgoing interference patterns of energy from individual spin
waves 24 (Figure 6) as governed by Schrdédinger equation. As such, the spin-
wave wave-fronts 98, 100, 102, 104 may not behave like other types of wave-
fronts, such as water waves, which may be governed by a wave equation.
[0076] The first aggregated spin-wave wave-front 98 has a first aggregated
wave-front amplitude (not shown). The first partially aggregated spin-wave
wave-front 100 has a first partially aggregated wave-front amplitude (not
shown). The second partially aggregated spin-wave wave-front 102 has a
second partially aggregated wave-front amplitude (not shown). The third
partially aggregated spin-wave wave-front 104 has a third partially aggregated
wave-front amplitude (not shown).

[0077] The first partially aggregated spin-wave wave-front 100 is provided
by spin waves from two ASTNOs, namely the first alpha ASTNO 58 and the
second alpha ASTNO 60. Similarly, the second partially aggregated spin-
wave wave-front 102 is provided by spin waves from two ASTNOs and the
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third partially aggregated spin-wave wave-front 104 is provided by spin waves
from two ASTNOs. However, the first aggregated spin-wave wave-front 98 is
provided by spin waves from three ASTNOs, namely the first alpha ASTNO
58, the second alpha ASTNO 60, and the third alpha ASTNO 84. Further,
each of the first spin-wave wave-front 92, the second spin-wave wave-front
94, and the third spin-wave wave-front 96 is provided by spin waves from only
one ASTNO, namely the first alpha ASTNO 58, the second alpha ASTNO 60,
and the third alpha ASTNO 84, respectively.

[0078] In this regard, the first partially aggregated wave-front amplitude
may be greater than any or all of the first wave-front amplitude, the second
wave-front amplitude, and the third wave-front amplitude. The second
partially aggregated wave-front amplitude may be greater than any or all of
the first wave-front amplitude, the second wave-front amplitude, and the third
wave-front amplitude. The third partially aggregated wave-front amplitude
may be greater than any or all of the first wave-front amplitude, the second
wave-front amplitude, and the third wave-front amplitude. The first
aggregated wave-front amplitude may be greater than any or all of the first
wave-front amplitude, the second wave-front amplitude, and the third wave-
front amplitude. Further, the first aggregated wave-front amplitude may be
greater than any or all of the first partially aggregated wave-front amplitude,
the second partially aggregated wave-front amplitude, and the third partially
aggregated wave-front amplitude.

[0079] The larger amplitudes may improve detection of any or all of the
first aggregated spin-wave wave-front 98, the first partially aggregated spin-
wave wave-front 100, the second partially aggregated spin-wave wave-front
102, and the third partially aggregated spin-wave wave-front 104. In one
embodiment of the first group 56 (Figure 6) of ASTNOs, the first aggregated
spin-wave wave-front 98 is detected and none of the first spin-wave wave-
front 92, the second spin-wave wave-front 94, the third spin-wave wave-front
96, the first partially aggregated spin-wave wave-front 100, the second
partially aggregated spin-wave wave-front 102, and the third partially
aggregated spin-wave wave-front 104 are detected. In an alternate
embodiment of the first group 56 (Figure 6) of ASTNOs, the first aggregated
spin-wave wave-front 98, the first partially aggregated spin-wave wave-front
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100, the second partially aggregated spin-wave wave-front 102, and the third
partially aggregated spin-wave wave-front 104 are detected and none of the
first spin-wave wave-front 92, the second spin-wave wave-front 94, and the
third spin-wave wave-front 96, are detected. In an additional embodiment of
the first group 56 (Figure 6) of ASTNOSs, all of the first aggregated spin-wave
wave-front 98, the first partially aggregated spin-wave wave-front 100, the
second partially aggregated spin-wave wave-front 102, the third partially
aggregated spin-wave wave-front 104, the first spin-wave wave-front 92, the
second spin-wave wave-front 94, and the third spin-wave wave-front 96, are
detected.

[0080] Additionally, the first partially aggregated spin-wave wave-front 100
may have a sharper wave-front than wave-fronts of any or all of the first spin-
wave wave-front 92, the second spin-wave wave-front 94, and the third spin-
wave wave-front 96. The second partially aggregated spin-wave wave-front
102 may have a sharper wave-front than wave-fronts of any or all of the first
spin-wave wave-front 92, the second spin-wave wave-front 94, and the third
spin-wave wave-front 96. The third partially aggregated spin-wave wave-front
104 may have a sharper wave-front than wave-fronts of any or all of the first
spin-wave wave-front 92, the second spin-wave wave-front 94, and the third
spin-wave wave-front 96. The first aggregated spin-wave wave-front 98 may
have a sharper wave-front than wave-fronts of any or all of the first spin-wave
wave-front 92, the second spin-wave wave-front 94, and the third spin-wave
wave-front 96. Further, the first aggregated spin-wave wave-front 98 may
have a sharper wave-front than wave-fronts of any or all of the first partially
aggregated spin-wave wave-front 100, the second partially aggregated spin-
wave wave-front 102, and the third partially aggregated spin-wave wave-front
104. The sharper wave-fronts may improve timing repeatability, timing
resolution, reliability, or any combination thereof of detection of any or all of
the first aggregated spin-wave wave-front 98, the first partially aggregated
spin-wave wave-front 100, the second partially aggregated spin-wave wave-
front 102, and the third partially aggregated spin-wave wave-front 104.

[0081] In general, the spin waves 24 (Figure 6) from each of the first group
56 (Figure 6) of ASTNOs have a corresponding spin-wave wave-front with a
corresponding wave-front amplitude. As previously mentioned, a portion of
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the spin waves 24 (Figure 6) from each of the first group 56 (Figure 6) of
ASTNOs combine to produce the first aggregation 76 (Figure 7) of spin
waves. The first aggregation 76 (Figure 7) of spin waves has the first
aggregated spin-wave wave-front 98, which has the first aggregated wave-
front amplitude. In one embodiment of the first group 56 (Figure 6) of
ASTNOs, the first aggregated wave-front amplitude is greater than each
corresponding wave-front amplitude. Additionally, in one embodiment of the
first group 56 (Figure 6) of ASTNOs, the first aggregated spin-wave wave-
front 98 is detected and none of the corresponding spin-wave wave-fronts are
detected.

[0082] A portion of the spin waves 24 (Figure 6) from each of the first
group 56 (Figure 6) of ASTNOs combine to produce a group of partially
aggregated spin waves. Each of the group of partially aggregated spin waves
has a corresponding partially aggregated spin-wave wave-front with a
corresponding partially aggregated wave-front amplitude. In one embodiment
of the first group 56 (Figure 6) of ASTNOs, the first aggregated wave-front
amplitude is greater than each corresponding partially aggregated wave-front
amplitude. Further, in one embodiment of the first group 56 (Figure 6) of
ASTNOs, each corresponding partially aggregated wave-front amplitude is
greater than each corresponding wave-front amplitude. Additionally, in one
embodiment of the first group 56 (Figure 6) of ASTNOs, the first aggregated
spin-wave wave-front 98 is detected, none of the corresponding partially
aggregated spin-wave wave-fronts are detected, and none of the
corresponding spin-wave wave-fronts are detected. In an alternate
embodiment of the first group 56 (Figure 6) of ASTNOs, all of the first
aggregated spin-wave wave-front 98 and the corresponding partially
aggregated spin-wave wave-fronts are detected, and none of the
corresponding spin-wave wave-fronts are detected.

[0083] A distinction between “amplitudes” of wave-fronts and “sharpness”
of wave-fronts is presented according to one embodiment of the present
disclosure. The “amplitudes” of wave-fronts may relate to constructive
interference that leads to particular propagation patterns, whereas
“sharpness” of the wave-fronts may refer to spin wave packets that propagate
in time, as would a pulse or spike of electromagnetic (EM) radiation in an EM
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system. The amplitude of wave-fronts may be based on the
locations/geometry of the ASTNOs 58, 60, 84 in the first magnetic
propagation material 52. The sharpness of wave-fronts may be based on how
the ASTNOs 58, 60, 84 are excited electrically to produce spin waves 24
(Figure 6), such as with current spikes. Alternatively, the ASTNOs 58, 60, 84
may be electrically excited with different current profiles, such as amplitude
modulation (AM), frequency modulation (FM), phase modulation (PM), or the
like.

[0084] From a mathematical point of view, spin wave activity propagates
similarly to EM radiation. As such, spin wave antennas may be formed using
similar principles to EM antennas by using the characteristics associated with
the amplitudes of wave-fronts. EM antenna systems may combine EM
sources strategically located to focus EM energy in specific directions. In this
regard, spin wave antennas may be formed by selectively locating STNOs
116 (Figure 12), ASTNOs 58, 60, 84, or any combination thereof, to focus
spin waves 24 (Figure 6) or aggregations 76 (Figure 7) of spin waves, or both.
For example, the STNO 116 (Figure 12) may be used as an isotropic spin
wave antenna, since it propagates spin waves 24 (Figure 6) uniformly in all
directions from the STNO 116 (Figure 12) in the first magnetic propagation
material 52. However, the ASTNOs 58, 60, 84 illustrated in Figures 9A, 9B,
9C, 9D may be used as an anisotropic spin wave antenna, which has a
specific radiation pattern in the shape of an equilateral hexagon. The
ASTNOs 58, 60 illustrated in Figure 6 may be used as an anisotropic spin
wave antenna, which has a specific radiation pattern roughly in the shape of
an equilateral cross. Embodiments of the present disclosure that relate to
amplitudes of wave-fronts and embodiments of the present disclosure that
relate to sharpness of wave-fronts may be combined in any manner to
produce new embodiments of the present disclosure.

[0085] Figure 10 shows details of the nano-oscillator magnetic wave
propagation system 36 according to an additional embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 10 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 4,
except the nano-oscillator magnetic wave propagation system 36 illustrated in
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Figure 10 further includes a third alpha entering excitation current TAEI and a
third alpha exiting excitation current TAXI. The ASTNO structure 40
illustrated in Figure 10 includes the topwise cross-section TWCS of the
ASTNO structure 40 illustrated in Figures 9A, 9B, 9C, and 9D.

During the first wave propagation state, the control circuitry 38 provides the
first alpha entering excitation current FAEI to the first alpha ASTNO 58 and
receives the first alpha exiting excitation current FAXI from the first alpha
ASTNO 58. The control circuitry 38 provides the second alpha entering
excitation current SAEI to the second alpha ASTNO 60 and receives the
second alpha exiting excitation current SAXI from the second alpha ASTNO
60. The control circuitry 38 provides the third alpha entering excitation current
TAEI to the third alpha ASTNO 84 and receives the third alpha exiting
excitation current TAXI from the third alpha ASTNO 84. During the non-wave
propagation state, the control circuitry 38 does not provide the first alpha
entering excitation current FAEI, the second alpha entering excitation current
SAEI, and the third alpha exiting excitation current TAXI. The directions of the
excitation currents FAEI, FAXI, SAEI, SAXI, TAEI, TAXl illustrated in Figure
10 are indicative of the direction of electron flow. High current densities in the
first magnetic propagation material 52 (Figures 9A, 9B, 9C, 9D) may be
needed to create spin waves 24 (Figure 6) capable of propagating over useful
distances. As such, magnitudes of the excitation currents FAEI, FAXI, SAEI,
SAXI, TAEI, TAXI may need to be relatively large, on the order of milliamps.
[0086] Figure 11 shows the frontwise cross-section FWCS of the ASTNO
structure 40 illustrated in Figure 5 according to an alternate embodiment of
the ASTNO structure 40. The ASTNO structure 40 illustrated in Figure 11 is
similar to the ASTNO structure 40 illustrated in Figure 6, except the ASTNO
structure 40 illustrated in Figure 11 has a first spin-wave detector 106 instead
of the first group 56 of ASTNOs. As such, the ASTNO structure 40 illustrated
in Figure 11 includes the first spin polarizing layer 48, the first conductive
spacer layer 50 over the first spin polarizing layer 48, the first magnetic
propagation material 52 over the first conductive spacer layer 50, the first
insulating layer 54, over the first magnetic propagation material 52, and a first
tunnel magnetoresistance (TMR) layer 108 over the first insulating layer 54.
The first TMR layer 108 is etched away, leaving only a portion of the first TMR
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layer 108 inside the first spin-wave detector 106. Alternate embodiments of
the first TMR layer 108 may extend outside of the first spin-wave detector
106. Further, the first spin-wave detector 106 includes a portion of the first
spin polarizing layer 48, a portion of the first conductive spacer layer 50, a
portion of the first magnetic propagation material 52, and a portion of the first
insulating layer 54.

[0087] A hole traverses the first insulating layer 54, thereby exposing a first
detector point contact 110 on the first planer surface 62. The first spin-wave
detector 106 further includes a first magnetic tunnel junction (MTJ) insulator
112 over the first detector point contact 110. The first TMR layer 108
completely covers the first MTJ insulator 112. As such, the first MTJ insulator
112 is inside the first spin-wave detector 106. The first TMR layer 108 has a
first net magnetic moment 114. As such, the first TMR layer 108 is a
magnetic material, such as a ferromagnetic material. As such, the first net
magnetic moment 114 may be based on permanent magnetization of the first
TMR layer 108 or from external magnetization (not shown) of the first TMR
layer 108. In general, the first spin-wave detector 106 may be used to detect
spin waves 24 (Figure 6), aggregations of spin waves, such as the first
aggregation 76 of spin waves, or both. As such, the first spin-wave detector
106 uses TMR to detect the spin waves or aggregations of spin waves.
[0088] TMR is a magnetoresistive effect that occurs in MTJs. An MTJ is a
device having two magnets separated by a thin insulator. When the insulator
is thin enough, electrons can tunnel from one magnet to the other. However,
when magnetizations of the magnets are parallel to one another, the tunneling
of the electrons is generally easier than when magnetizations of the magnets
are not parallel to one another. The first magnetic propagation material 52
and the first TMR layer 108 provide the two magnets of the MTJ, and the first
MTJ insulator 112 provides the thin insulator of the MTJ.

[0089] A first TMR is the electrical resistance between the top of the first
TMR layer 108 and the bottom of the first magnetic propagation material 52
through the first MTJ insulator 112. When the first magnetization direction 72,
which is indicative of magnetic moments 20 inside the first spin-wave detector
106 during the non-wave propagation state, and the first net magnetic
moment 114 are about parallel to one another, the first TMR is relatively low.
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As the first magnetization direction 72 and the first net magnetic moment 114
become less parallel to one another, the first TMR increases. In one
embodiment of the first TMR layer 108, the first net magnetic moment 114 is
about parallel to the first planer surface 62. During the non-wave propagation
state, in one embodiment of the first magnetic propagation material 52, the
first magnetization direction 72 is about perpendicular to the first planer
surface 62. During the first wave propagation state, when spin waves 24
(Figure 6) or aggregations 76 of spin waves pass through the first spin-wave
detector 106, the magnetic moments 20 inside of the first spin-wave detector
106 precess to become more aligned with the first net magnetic moment 114,
thereby decreasing the first TMR. In another embodiment of the first TMR
layer 108, the first net magnetic moment 114 is about perpendicular to the first
planer surface 62. During the non-wave propagation state, in one
embodiment of the first magnetic propagation material 52, the first
magnetization direction 72 is about perpendicular to the first planer surface
62. During the first wave propagation state, when spin waves 24 (Figure 6)
or aggregations 76 of spin waves pass through the first spin-wave detector
106, the magnetic moments 20 inside of the first spin-wave detector 106
precess to become less aligned with the first net magnetic moment 114,
thereby increasing the first TMR. The first net magnetic moment 114 may
also be perpendicular to the first planer surface 62 but initially aligned
antiparallel to the magnetization direction 72 of the first magnetic propagation
material 52. In this case during the first wave propagation state, when spin
waves 24 (Figure 6) or aggregations 76 of spin waves pass through the first
spin-wave detector 106, the magnetic moments 20 inside of the first spin-
wave detector 106 precess to become more aligned with the first net magnetic
moment 114, thereby decreasing the first TMR. In this regard, the first TMR is
indicative of spin waves 24 (Figure 6) or aggregations of spin waves, such as
the first aggregation 76 (Figure 7) of spin waves, passing through the first
spin-wave detector 106. In general, the first TMR is based on spin waves 24
(Figure 6) or aggregations of spin waves, such as the first aggregation 76
(Figure 7) of spin waves, passing through the first spin-wave detector 106.
[0090] During the first wave propagation state, the first spin-wave detector
106 receives a first entering current FEI. The first entering current FEI
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includes electrons, which are used as charge carriers. The first entering
current FEI is normally un-polarized, such that orientation of the spin of the
charge carriers is random. However, by passing the first entering current FEI
through the first spin polarizing layer 48 and since the first spin polarizing
layer 48 has the first net polarizing magnetic moment 70, the current inside
the first spin polarizing layer 48 becomes spin-polarized to provide a first spin-
polarized current FSI to the first conductive spacer layer 50. The first
conductive spacer layer 50 substantially magnetically isolates the first
magnetic propagation material 52 from the first spin polarizing layer 48, such
that the first net polarizing magnetic moment 70 does not significantly
magnetically influence the magnetic moments 20 of the small magnetic
elements in the first magnetic propagation material 52.

[0091] The first spin-polarized current FSI is forwarded through the first
conductive spacer layer 50, through the first magnetic propagation material
52, through the first detector point contact 110, through the first MTJ insulator
112, and through the first TMR layer 108 to exit as a first exiting current FXI.
In one embodiment of the first spin-wave detector 106, the first TMR is
determined by measuring a voltage drop between the first spin-polarized
current FSI entering the first magnetic propagation material 52 and the first
exiting current FXI exiting the first TMR layer 108. In an alternate
embodiment of the first spin-wave detector 106, an approximation of the first
TMR is determined by measuring a voltage drop between the first entering
current FEI entering the first spin polarizing layer 48 and the first exiting
current FXI exiting the first TMR layer 108. Specifically, the first TMR is about
equal to the measured voltage drop divided by a TMR current, which is based
on the first entering current FEI, the first spin-polarized current FSI, the first
exiting current FXI, or any combination thereof.

[0092] In an alternate embodiment of the first spin-wave detector 106, the
first TMR layer 108 and the first MTJ insulator 112 are omitted, thereby
providing a spin-wave detector having a structure that is similar to the first
alpha ASTNO 58 (Figure 6) or the second alpha ASTNO 60 (Figure 6).
Detection of the first aggregation 76 of spin waves are based on detecting a
resistance change in the first magnetic propagation material 52 via the first
detector point contact 110 instead of relying on a TMR effect, which may
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produce a larger change in resistance for a given spin-wave amplitude than
the resistance change in the first magnetic propagation material 52 without
the first TMR layer 108 and the first MTJ insulator 112. The resistance
change may be determined by measuring a change in the voltage drop
between the first spin-polarized current FSI entering the first magnetic
propagation material 52 and the first exiting current FXI exiting the first
magnetic propagation material 52.

[0093] Figure 12 shows the frontwise cross-section FWCS of the ASTNO
structure 40 illustrated in Figure 5 according to another embodiment of the
ASTNO structure 40. The ASTNO structure 40 illustrated in Figure 12 is
similar to the ASTNO structure 40 illustrated in Figure 11, except in the
ASTNO structure 40 illustrated in Figure 12 the first spin-wave detector 106 is
used as a first STNO 116. As such, polarization of the charge carriers in the
first spin-polarized current FSI produces an excitation of the magnetic
moments 20 of some of the small magnetic elements in the first magnetic
propagation material 52. As such, the spin-transfer torque effect is exerted by
the first spin-polarized current FSI on the first magnetic propagation material
52. Specifically, when the polarization of the charge carriers and
magnetization of the film are not parallel, the spin-transfer torque will be
exerted to alter the direction of the magnetic moments 20 of the small
magnetic elements in the first magnetic propagation material 52. This spin-
transfer torque is propagated to adjacent small magnetic elements in the first
magnetic propagation material 52, thereby altering the directions of the
magnetic moments 20 of the adjacent small magnetic elements in the first
magnetic propagation material 52. In this regard, the propagation of the spin-
transfer torque drives oscillations in the directions of the magnetic moments
20 of the small magnetic elements in the magnetic film 16. These oscillations
are called spin waves 24 and propagate out from the first spin-polarized
current FSI.

[0094] In one embodiment of the first STNO 116, the first STNO 116 is
used as an STNO only. In an alternate embodiment of the first STNO 116,
the first STNO 116 is used as both an STNO and a spin-wave detector.
When used as an STNO, high current densities (on order of or greater than
about 10° amperes per square centimeter) in the first magnetic propagation
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material 52 may be needed to create spin waves 24 capable of propagating
over useful distances. As such, magnitudes of the first currents FEI, FSI, FXI
may need to be relatively large. Conversely, when the first STNO 116 is used
as a spin-wave detector, magnitudes of the first currents FEI, FSI, FXI may
need to be relatively small to prevent creation of the spin waves 24.

[0095] Figure 13 shows details of the nano-oscillator magnetic wave
propagation system 36 according to another embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 13 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 10,
except the nano-oscillator magnetic wave propagation system 36 illustrated in
Figure 10 further includes the first entering current FEI and the first exiting
current FXI. The ASTNO structure 40 shown in Figure 13 illustrates the
frontwise cross-section FWGCS of the ASTNO structure 40 illustrated in
Figures 11 and 12.

[0096] During the first wave propagation state, the control circuitry 38
provides the first alpha entering excitation current FAEI to the ASTNO
structure 40 and receives the first alpha exiting excitation current FAXI from
the ASTNO structure 40. The control circuitry 38 provides the second alpha
entering excitation current SAEI to the ASTNO structure 40 and receives the
second alpha exiting excitation current SAXI from the ASTNO structure 40.
The control circuitry 38 provides the third alpha entering excitation current
TAEI to the ASTNO structure 40 and receives the third alpha exiting excitation
current TAXI from the ASTNO structure 40. The control circuitry 38 provides
the first entering current FEI to the first spin-wave detector 106 (Figure 11)
and receives the first exiting current FXI from the first spin-wave detector 106
(Figure 11). During the non-wave propagation state, the control circuitry 38
does not provide the first alpha entering excitation current FAEI, the second
alpha entering excitation current SAEI, the third alpha exiting excitation
current TAXI, and the first entering current FEI. The directions of the currents
FAEI, FAXI, SAEI, SAXI, TAEI, TAXI, FEI, FXl illustrated in Figure 13 are
indicative of the direction of electron flow.

[0097] Figure 14 shows details of the nano-oscillator magnetic wave
propagation system 36 according to one embodiment of the nano-oscillator
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magnetic wave propagation system 36. The nano-oscillator magnetic wave
propagation system 36 illustrated in Figure 14 is similar to the nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 13, except the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 14
is used as a spin-wave based measurement system 118.

[0098] Figure 15 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 14 according to one
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 15 includes portions of the first group 56 of ASTNOs and
includes a portion of the first spin-wave detector 106 illustrated in Figure 11 in
the first magnetic propagation material 52. As such, the first group 56 of
ASTNOs and the first spin-wave detector 106 share the first magnetic
propagation material 52. The spin-wave based measurement system 118 is
used to measure the effects of a physical entity 120 upon the first aggregation
76 of spin waves propagating through the first magnetic propagation material
52. The physical entity 120 may include radio frequency (RF) energy, light,
vibration, sound waves, temperature, radiation, the like, or any combination
thereof. As such, the spin-wave based measurement system 118 may be
used as a sensor or transducer.

[0099] During the first wave propagation state, the first group 56 of
ASTNOs produces the first aggregation 76 of spin waves emanating from the
first emanating point 74. The first aggregation 76 of spin waves propagates
through the first magnetic propagation material 52, such that a portion of the
first aggregation 76 of spin waves is received by the first spin-wave detector
106. The physical entity 120 impinges upon the first magnetic propagation
material 52. The spin-wave based measurement system 118 provides
measured effects of the physical entity 120 by measuring the effects of the
physical entity 120 upon the portion of the first aggregation 76 of spin waves
that are received by the first spin-wave detector 106. In this regard, the
measured effects are based on detection of the portion of the first aggregation
76 of spin waves that are received by the first spin-wave detector 106.
Specifically, the first TMR may vary based on the effects of the physical entity
120 upon the first aggregation 76 of spin waves and the measured effects
may be based on the first TMR.

PCT/US2011/044790
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[00100] Figure 16 shows details of the nano-oscillator magnetic wave
propagation system 36 according to an alternate embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 16 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 13,
except the nano-oscillator magnetic wave propagation system 36 illustrated in
Figure 16 is used as a spin-wave locking system 122.

[00101] Figure 17 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 16 according to an alternate
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 17 includes portions of the first group 56 of ASTNOs and
includes a portion of the first STNO 116 illustrated in Figure 12 in the first
magnetic propagation material 52, such that the first spin-wave detector 106
is the first STNO 116. As such, the first group 56 of ASTNOs and the first
STNO 116 share the first magnetic propagation material 52.

[00102] During the first wave propagation state, the first group 56 of
ASTNOs produces the first aggregation 76 of spin waves emanating from the
first emanating point 74. The first aggregation 76 of spin waves propagates
through the first magnetic propagation material 52, such that a portion of the
first aggregation 76 of spin waves is received by the first STNO 116. Further,
the first STNO 116 initiates spin waves 24 through the first magnetic
propagation material 52. In general, the first STNO 116 locks to the portion of
the first aggregation 76 of spin waves are that received by the first STNO 116.
In one embodiment of the first STNO 116, the first STNO 116 phase locks to
the portion of the first aggregation 76 of spin waves that are received by the
first STNO 116. In an alternate embodiment of the first STNO 116, the first
STNO 116 frequency locks to the portion of the first aggregation 76 of spin
waves that are received by the first STNO 116.

[00103] Figure 18 shows details of the nano-oscillator magnetic wave
propagation system 36 according to an additional embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 18 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 13,
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except the nano-oscillator magnetic wave propagation system 36 illustrated in
Figure 18 is used as spin-wave based communications system 124.

[00104] Figure 19 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 18 according to an additional
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 19 includes portions of the first group 56 of ASTNOs and
includes a portion of the first spin-wave detector 106 illustrated in Figure 11 in
the first magnetic propagation material 52. As such, the first group 56 of
ASTNOs and the first spin-wave detector 106 share the first magnetic
propagation material 52. The spin-wave based measurement system 118
uses a first aggregation 126 of modulated spin waves propagating through the
first magnetic propagation material 52 (Figure 19) to convey information from
the first group 56 of ASTNOs to the first spin-wave detector 106.

[00105] During the first wave propagation state, the first group 56 of
ASTNOs produces the first aggregation (Figure 7) 76 of spin waves
emanating from the first emanating point 74, such that the first aggregation 76
(Figure 7) of spin waves is the first aggregation 126 of modulated spin waves.
Modulation of the first aggregation 126 of modulated spin waves is based on
the information to be conveyed from the first group 56 of ASTNOs to the first
spin-wave detector 106. The first aggregation 126 of modulated spin waves
propagate through the first magnetic propagation material 52, such that a
portion of the first aggregation 126 of modulated spin waves are received by
the first spin-wave detector 106. The first TMR of the first spin-wave detector
106 may vary based on modulation of the first aggregation 126 of modulated
spin waves.

[00106] Figure 20 shows details of the control circuitry 38 illustrated in
Figure 18 according to one embodiment of the control circuitry 38. The
control circuitry 38 includes excitation current modulation circuitry 128, current
modulation detection circuitry 130, and communications control circuitry 132.
The communications control circuitry 132 provides a baseband transmit signal
BBTX to the excitation current modulation circuitry 128 based on the
information to be conveyed from the first group 56 of ASTNOs to the first spin-
wave detector 106. The excitation current modulation circuitry 128 provides
and applies modulation to the excitation currents FAEI, FAXI, SAEI, SAXI,
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TAEI, TAXI, based on the information to be conveyed from the first group 56
of ASTNOs to the first spin-wave detector 106, such that the first group 56 of
ASTNOs provides the first aggregation 126 of modulated spin waves based
on the modulation to the excitation currents FAEI, FAXI, SAEI, SAXI, TAEI,
TAXI.

[00107] The current modulation detection circuitry 130 provides the first
entering current FEI and the first exiting current FXI, such that the first
entering current FEI and the first exiting current FXI are based on the first
TMR. Since the first TMR of the first spin-wave detector 106 may vary based
on modulation of the first aggregation 126 of modulated spin waves and since
the first entering current FEI and the first exiting current FXI are based on the
first TMR, the current modulation detection circuitry 130 may detect the
modulation of the first aggregation 126 of modulated spin waves. As such,
the current modulation detection circuitry 130 may extract the conveyed
information from the detected modulation and provide the conveyed
information to the communications control circuitry 132 via a baseband
receive signal BBRX.

[00108] In one embodiment of the first spin-wave detector 106 (Figures 11
and 19) and in an alternate embodiment of the current modulation detection
circuitry 130, the current modulation detection circuitry 130 provides the first
entering current FE| and the first exiting current FXI, such that the first
entering current FEI and the first exiting current FXI| are based on resistance
of the first magnetic propagation material 52 (Figure 11). As such, the current
modulation detection circuitry 130 may detect the first aggregation 126 of
modulated spin waves based on the resistance change of the first magnetic
propagation material 52 (Figure 11). Specifically, the current modulation
detection circuitry 130 may detect the modulation of the first aggregation 126
of modulated spin waves based on the resistance change of the first magnetic
propagation material 52 (Figure 11). In an alternate embodiment of the first
spin-wave detector 106 (Figure 11), the first TMR layer 108 (Figure 11) and
the first MTJ insulator 112 (Figure 11) are omitted, thereby providing a spin-
wave detector having a structure that is similar to the first alpha ASTNO 58
(Figure 6) or the second alpha ASTNO 60 (Figure 6).
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[00109] Figure 21 shows details of the nano-oscillator magnetic wave
propagation system 36 according to another embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 21 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 13,
except the nano-oscillator magnetic wave propagation system 36 illustrated in
Figure 21 is used as a spin-wave wave-front based system 134.

[00110] Figure 22 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 21 according to one
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 22 includes portions of the first group 56 of ASTNOs and
includes a portion of a first spin-wave wave-front detector 136 in the first
magnetic propagation material 52. The first spin-wave wave-front detector
136 illustrated in Figure 22 may have similar construction to the first spin-
wave detector 106 illustrated in Figure 11. As such, the first group 56 of
ASTNOs and the first spin-wave wave-front detector 136 share the first
magnetic propagation material 52. The spin-wave wave-front based system
134 detects and responds to wave-fronts of spin waves 24 (Figure 6);
aggregations of spin waves, such as the first aggregation 76 of spin waves; or
both, propagating through the first magnetic propagation material 52.

[00111] During the first wave propagation state, the first group 56 of
ASTNOs initiates the first aggregation 76 of spin waves emanating from the
first emanating point 74. The first aggregation 76 of spin waves propagate
through the first magnetic propagation material 52, such that a portion of the
first aggregation 76 of spin waves are received by the first spin-wave wave-
front detector 136. The first aggregation 76 of spin waves has the first
aggregated spin-wave wave-front 98, such that a portion of the first
aggregated spin-wave wave-front 98 is received by the first spin-wave wave-
front detector 136. The first spin-wave wave-front detector 136 has a first
wave-front TMR, which may behave in a similar manner to the first TMR of the
first spin-wave detector 106 (Figure 11). As such, the first wave-front TMR
may change as a result of the portion of the first aggregation 76 of spin waves
being received by the first spin-wave wave-front detector 136. As a result, the
nano-oscillator magnetic wave propagation system 36 may detect the portion
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of the first aggregated spin-wave wave-front 98 being received by the first
spin-wave wave-front detector 136 based on the first wave-front TMR.
[00112] Figure 23 shows details of portions of the control circuitry 38 and
portions of the ASTNO structure 40 illustrated in Figure 21 according to one
embodiment of the control circuitry 38 and the ASTNO structure 40. The
ASTNO structure 40 includes the first spin-wave wave-front detector 136 and
the control circuitry 38 includes wave-front detection circuitry 138. The wave-
front detection circuitry 138 includes a memristic device 140, a DC power
supply 142, a first inductive element L1, a first capacitive element C1, and a
first resistive element R1. The first wave-front TMR of the first spin-wave
wave-front detector 136 is represented as a first TMR resistive element
RTMR. The memristic device 140 is represented as a memristic device
resistive element RMD. The first capacitive element C1 is coupled across a
series coupling of the DC power supply 142 and the first resistive element R1.
The first capacitive element C1 is further coupled across a series coupling of
the first TMR resistive element RTMR, the memristic device resistive element
RMD, and the first inductive element L1. The first capacitive element C1 has
a capacitor voltage VC and the DC power supply 142 has a DC supply
voltage VPS. The first inductive element L1 has a current . The polarity of
the current | is shown as the polarity of conventional DC current, which is
opposite of the polarity of electron flow. In this regard, applying Kirchhoff’s
current law at the junction of the first resistive element R1, the first capacitive
element C1, and the first inductive element L1 yields EQ. 1, as shown below.
Further, applying Ohm’s law to the series combination of the first inductive
element L1, the memristic device resistive element RMD, and the first TMR
resistive element RTMR yields EQ. 2, as shown below.

EQ.1: ((VPS-VC)/(R1)) = (C1)(d(VC)/dt) + I.
EQ.2: (VC) = (L1)(dl/dt) + (RMD)I + (RTMR)!.

[00113] The memristic device 140, which may be described as a memory
resistor or memristor, is a passive two-terminal device that maintains a
functional, nonlinear relationship between charges, current, and voltage. The

memristic device 140 implements a time-varying function of net charge
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history. In the control circuitry 38 illustrated in Figure 23, the memiristic device
140 will operate in one of a low resistance state and a high resistance state.
During the high resistance state, the memristic device resistive element RMD
has a first resistance value, and during the low resistance state, the memristic
device resistive element RMD has a second resistance value, which is less
than the first resistance value. When the first spin-wave wave-front detector
136 is not in the process of detecting a wave-front, the memristic device 140
is in the high resistance state. As such, the current | is relatively low, such
that the first capacitive element C1 charges up, thereby approaching the DC
supply voltage VPS.

[00114] When the first aggregation 76 (Figure 22) of spin waves reaches
the first spin-wave wave-front detector 136, resistance of the first TMR
resistive element RTMR may drop due to some of the magnetic moments 22
(Figure 11) in the first magnetic propagation material 52 (Figure 22) becoming
more aligned with the first net magnetic moment 114 (Figure 11). Since the
first inductive element L1 will prevent the current | from changing
instantaneously, the voltage across the first TMR resistive element RTMR will
drop, thereby shifting voltage to the series combination of the first inductive
element L1 and the memiristic device 140. If the drop in the resistance of the
first TMR resistive element RTMR exceeds a first threshold, the memristic
device 140 will switch from the high resistance state to the low resistance
state, thereby discharging the first capacitive element C1. When the capacitor
voltage VC drops below a second threshold, the memristic device 140 will
switch from the low resistance state to the high resistance state, thereby
allowing the first capacitive element C1 to re-charge. Detection of the portion
of the first aggregated spin-wave wave-front 98 being received by the first
spin-wave wave-front detector 136 is based on the memristic device 140
switching from the high resistance state to the low resistance state.

[00115] The first threshold of the first TMR resistive element RTMR may be
selected, such that the memristic device 140 responds to the first aggregated
wave-front amplitude of the first aggregated spin-wave wave-front 98, but
does not respond to the partially aggregated wave-front amplitudes of the
partially aggregated spin-wave wave-fronts 100, 102, 104 (Figure 9D) or to
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the wave-front amplitudes of the spin-wave wave-fronts 92, 94, 96 (Figure
9B).

[00116] Devices that may be used as the memristic device 140 may include
any or all of a number of active circuits that produce appropriate bistable
functionality, such as a tunnel diode, a memristor, a neon bulb, a thyristor, a
gas discharge tube, amplifiers, Schmitt triggers, transistor circuits, or the like.
High current densities in the first magnetic propagation material 52 (Figure 22)
may be needed to create spin waves 24 (Figure 6). To prevent creation of
spin waves 24 (Figure 6), magnitudes of the first entering current FEI and the
first exiting current FXI may need to be kept relatively small.

[00117] Aliernate embodiments of the first spin-wave wave-front detector
136 do not include the first TMR resistive element RTMR and alternate
embodiments of the wave-front detection circuitry 138 do not include the
memristic device 140. Since the first spin-wave wave-front detector 136 may
be similar to the first spin-wave detector 106 (Figure 11), in such
embodiments, the first aggregated spin-wave wave-front 98 is detected by
detecting resistance changes in the first magnetic propagation material 52
(Figure 11). In another embodiment of the first spin-wave wave-front detector
136, the first spin-wave wave-front detector 136 is similar to the first spin-
wave detector 106 (Figure 11), except the first TMR layer 108 (Figure 11) and
the first MTJ insulator 112 (Figure 11) are omitted.

[00118] Figure 24 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 21 according to an alternate
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
ilustrated in Figure 24 includes portions of the first group 56 of ASTNOs and
includes a portion of the first spin-wave wave-front detector 136 in the first
magnetic propagation material 52. The portions of the first group 56 of
ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 24 are similar to the portions of the first group 56 of
ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 22. However, in the first spin-wave wave-front detector
136 illustrated in Figure 24, the magnitudes of the first entering current FEI
and the first exiting current FXI are large enough, such that when the first
spin-wave wave-front detector 136 detects the first aggregated spin-wave
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wave-front 98, the first spin-wave wave-front detector 136 initiates spin waves
24 having a first transponder wave-front 144. As such, the first spin-wave
wave-front detector 136 illustrated in Figure 24 functions as an STNO-based
transponder.

[00119] Figure 25 shows details of the nano-oscillator magnetic wave
propagation system 36 according to another embodiment of the nano-
oscillator magnetic wave propagation system 36. The nano-oscillator
magnetic wave propagation system 36 illustrated in Figure 25 is similar to the
nano-oscillator magnetic wave propagation system 36 illustrated in Figure 21,
except the nano-oscillator magnetic wave propagation system 36 illustrated in
Figure 25 provides the additional excitation signals needed for a second
group of ASTNOs.

[00120] During the first wave propagation state, the control circuitry 38
further provides a first beta entering excitation current FBEI to the ASTNO
structure 40 and further receives a first beta exiting excitation current FBXI
from the ASTNO structure 40. The control circuitry 38 further provides a
second beta entering excitation current SBEI to the ASTNO structure 40 and
further receives a second beta exiting excitation current SBXI from the
ASTNO structure 40. The control circuitry 38 further provides a third beta
entering excitation current TBEI to the ASTNO structure 40 and further
receives third beta exiting excitation current TBXI from the ASTNO structure
40. During the non-wave propagation state, the control circuitry 38 does not
provide the currents FAEI, FAXI, SAEI, SAXI, TAEI, TAXI, FBEI, FBXI, SBEI,
SBXI, TBEI, TBXI, FEI, FXI. The directions of the currents FAEI, FAXI, SAEI,
SAXI, TAEI, TAXI, FBEI, FBXI, SBEI, SBXI, TBEI, TBXI, FEI, FXI illustrated in
Figure 25 are indicative of the direction of electron flow.

[00121] Figure 26 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 25 according to an additional
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 26 includes portions of the first group 56 of ASTNOs and
includes a portion of the first spin-wave wave-front detector 136 in the first
magnetic propagation material 52. The portions of the first group 56 of
ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 26 are similar to the portions of the first group 56 of
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ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 22. However, the ASTNO structure 40 illustrated in Figure
26 further includes a portion of a second group 146 of ASTNOs in the first
magnetic propagation material 52. The first spin-wave wave-front detector
136 and the second group 146 of ASTNOs are combined to form a first
ASTNO-based transponder 148. Each of the second group 146 of ASTNOs is
disposed about a second emanating point 150 in the first magnetic
propagation material 52. Further, the first spin-wave wave-front detector 136
may be located at or near the second emanating point 150.

[00122] In one embodiment of the ASTNO structure 40, the ASTNO
structure 40 has a second group of point contacts on the first magnetic
propagation material 52. Each of the second group of point contacts is
disposed about the second emanating point 150 in the first magnetic
propagation material 52. During the first wave propagation state, each of the
second group of point contacts and a corresponding portion of the first
magnetic propagation material 52 provide the second group 146 of ASTNOs.
[00123] During the first wave propagation state, the first group 56 of
ASTNO:s initiates the first aggregation 76 (Figure 22) of spin waves emanating
from the first emanating point 74. The first aggregation 76 (Figure 22) of spin
waves has the first aggregated spin-wave wave-front 98. When the first spin-
wave wave-front detector 136 detects the first aggregated spin-wave wave-
front 98, the control circuitry 38 (Figure 25) causes each of the second group
146 of ASTNOs to initiate spin waves 24 (Figure 6) through the first magnetic
propagation material 52, such that a portion of the spin waves from each of
the second group 146 of ASTNOs combine to produce a second aggregation
152 of spin waves emanating from the second emanating point 150. The
second aggregation 152 of spin waves has a second aggregated spin-wave
wave-front 154.

[00124] Figure 27 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 and Figure 25 according to a further
embodiment of the ASTNO structure 40. The topwise cross-section TWCS
illustrated in Figure 27 includes portions of the first group 56 of ASTNOs and
includes a portion of the first spin-wave wave-front detector 136 in the first
magnetic propagation material 52. The portions of the first group 56 of
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ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 27 are similar to the portions of the first group 56 of
ASTNOs and the portion of the first spin-wave wave-front detector 136
illustrated in Figure 22. However, the ASTNO structure 40 illustrated in Figure
27 further includes a portion of the second group 146 of ASTNOs in the first
magnetic propagation material 52. Each of the second group 146 of ASTNOs
is disposed about the second emanating point 150 in the first magnetic
propagation material 52. The first spin-wave wave-front detector 136 is
located between the first emanating point 74 and the second emanating point
150.

[00125] During the first wave propagation state, the first group 56 of
ASTNO:s initiates the first aggregation 76 (Figure 22) of spin waves emanating
from the first emanating point 74. The first aggregation 76 (Figure 22) of spin
waves has the first aggregated spin-wave wave-front 98. Additionally, each of
the second group 146 of ASTNOs initiates spin waves 24 (Figure 6) through
the first magnetic propagation material 52, such that a portion of the spin
waves from each of the second group 146 of ASTNOs combines to produce
the second aggregation 152 (Figure 26) of spin waves emanating from the
second emanating point 150. The second aggregation 152 (Figure 26) of spin
waves has the second aggregated spin-wave wave-front 154, which has a
second aggregated wave-front amplitude. When the first aggregated spin-
wave wave-front 98 and the second aggregated spin-wave wave-front 154
reach the first spin-wave wave-front detector 136 simultaneously, the first
spin-wave wave-front detector 136 detects the arrival of the first aggregated
spin-wave wave-front 98 and the second aggregated spin-wave wave-front
154.

[00126] A portion of the first aggregated spin-wave wave-front 98 and a
portion of the second aggregated spin-wave wave-front 154 may combine to
form a combined wave-front having an aggregated amplitude that is larger
than either the first aggregated wave-front amplitude or the second
aggregated wave-front amplitude. In this regard, the first spin-wave wave-
front detector 136 may detect only the aggregated amplitude of the
simultaneous arrival of two aggregated spin-wave wave-fronts 98, 154.
Unless the locations of the first emanating point 74, the second emanating
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point 150, and the first spin-wave wave-front detector 136 combined with the
initiations of the first aggregation 76 (Figure 22) of spin waves and the second
aggregation 152 (Figure 26) of spin waves happen to coincide, the
aggregated spin-wave wave-front 98 and the second aggregated spin-wave
wave-front 154 will not reach the first spin-wave wave-front detector 136
simultaneously. In this regard, locations of spin-wave detectors, locations of
groups of ASTNOs, relative timing of initiations of aggregations of spin waves
from the groups of ASTNOs may provide a complex system of causes and
effects, which may be used for many different purposes. Such a system is
called a polychronous wave propagation system. As such, the spin-wave
wave-front based system 134 illustrated in Figure 27 is a spin-wave based
polychronous wave propagation system.

[00127] A polychronous wave propagation system is based on relative
timing between two or more propagated waves through a wave propagation
medium. The relative timing may be associated with interference patterns of
energy between the propagated waves. Operational behavior of the
polychronous wave propagation system is based on the relative timing of the
propagated waves and distances between initiators that transmit the
propagated waves and responders that receive the propagated waves. The
operational behavior may include arithmetical computations, memory storage,
Boolean functions, frequency-based computations, or the like. The
polychronous wave propagation system relies on time delays between the
propagated waves that result from propagation velocities of the propagated
waves through the wave propagation medium. By incorporating the time
delays into the system, operational capacity may be greatly enhanced.
[00128] The propagated wave may be a pulsed wave lasting just a few
cycles. Further, a responder and an initiator may be combined to form a
transponder, which may receive two or more propagated waves and initiate a
response transmission of a propagated wave based on the relative timing
between the received propagated waves. The response transmission may be
initiated based on simultaneous reception of the received propagated waves.
In general, the relative timing may be associated with interference patterns of
energy between the received propagated waves. The transponder may
include a controllable oscillator block, which may be controlled based on the
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responder section of the transponder and may provide a controlled signal
upon which the response transmission is based. The controllable oscillator
block may oscillate at a controllable frequency, which may be based on
frequencies of received pulsed propagated waves. The initiated transmission
may be a pulsed propagated wave that may be at the frequency of the
controllable oscillator block.

[00129] Further information regarding the spin-wave based polychronous
wave propagation system illustrated in Figure 27 is presented. In researching
theories of the brain, certain operational fundamentals; such as memory
registration and recall, associative memory, and pattern recognition; suggest
much greater complexity than what the basic underlying physical structure
provides. For example, a human brain can store more information than would
be expected given the number of synapses in the human brain. Therefore,
human brain memory is more than just synaptic memory. Other factors come
into play in conjunction with the synapses to store all of the information. Since
the brain operates in an autonomous asynchronous environment, one theory
is that time delays may be important.

[00130] For example, if two neurons fire at a common post synaptic target,
their spikes travel along axons to the target, and if their spikes arrive
simultaneously at the target, a stronger response may be evoked than if their
spikes arrive separately. However, axons have propagation velocities that
introduce conduction delays; therefore, both the distances from the neurons to
the target and the firing times of the neuron spikes determine when the spikes
arrive at their target. The propagation velocity may be about one millimeter
per millisecond for myelinated fibers and about one-hundred micrometers per
millisecond for non-myelinated fibers. Specifically, if a conduction path from a
first neuron to the target is about ten millimeters long and a conduction path
from a second neuron to the target is about two millimeters long, the first
neuron will have to fire about eight milliseconds before the second neuron
fires in order for both spikes to arrive simultaneously.

[00131] In general, neurons in spiking networks with conduction delays may
fire with certain time-locked asynchronous patterns so that their spikes may
arrive at targets simultaneously. The additional dimension of time delays in a
brain may significantly increase a brain’s capacity to represent and process
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information. Such an activity may be called polychrony. Polychrony may be
derived from poly, meaning many, and chronos, meaning time or clock. With
an appropriate type of spike-timing dependent synaptic plasticity, spiking
networks may self-organize and generate such polychronous activity, which
may have relevance to memory, binding and gamma rhythms, mechanisms of
attention, pattern recognition, and the like. Polychronous activity in the brain
depends on specificity of synaptic connections, geometry and dimensions of
axonal fibers, activity-dependent propagation velocities, dynamics of various
neurotransmitters, spike-generation mechanisms of neurons, and other
biological factors.

[00132] Applying polychronous techniques to physical systems, electronic
systems, or both may significantly increase the capacities, the functionalities,
or both of such systems. Such systems may operate at much higher
frequencies than a brain, which may operate in a frequency range up to about
100 hertz. For example, networks having time delays can encompass greater
functionalities than comparable networks without time delays. A dynamic
system having a given number of state variables may be represented by a
differential equation that has a solution space of the same dimension as the
number of state variables. However, when asynchronous time delays are
added to the dynamic system, a differential-delay equation that is
representative of the dynamic system with delays has an infinite dimensional
solution space. In this regard, the spin-wave based polychronous wave
propagation system illustrated in Figure 27 may provide polychronous activity
that is analogous to polychronous activity in a brain.

[00133] Figures 28A, 28B, 28C, and 28D show the topwise cross-section
TWGCS of the ASTNO structure 40 illustrated in Figure 5 according to one
embodiment of the ASTNO structure 40. The topwise cross-section TWCS of
the ASTNO structure 40 is taken inside the first magnetic propagation material
52. As such, the ASTNO structure 40 includes a first reverberating memory
cell 156, which has the first ASTNO-based transponder 148, a second
ASTNO-based transponder 158, and a third ASTNO-based transponder 160.
The topwise cross-section TWCS illustrated in Figures 28A, 28B, 28C, and
28D includes portions of the ASTNO-based transponders 148, 158, 160 in the
first magnetic propagation material 52. Each of the ASTNO-based
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transponders 148, 158, 160 is located at a corresponding vertex of an
equilateral right triangle. As such, any pair of the ASTNO-based transponders
148, 158, 160 are separated from one another by a separation distance 162.
The second ASTNO-based transponder 158 and the third ASTNO-based
transponder 160 may be similar to the first ASTNO-based transponder 148.
Alternate embodiments of the first reverberating memory cell 156 may include
any number of ASTNO-based transponders 148, 158, 160.

[00134] Figure 28A shows placements of the ASTNO-based transponders
148, 158, 160 in the first magnetic propagation material 52. Aggregations of
spin waves are initiated simultaneously from each of the ASTNO-based
transponders 148, 158, 160. The aggregations of spin waves have
simultaneous aggregated wave-fronts 164 as illustrated in Figure 28B. Each
of the simultaneous aggregated wave-fronts 164 reaches two of the ASTNO-
based transponders 148, 158, 160 simultaneously, as illustrated in Figure
28C. The simultaneous reception of two of the simultaneous aggregated
wave-fronts 164 triggers each of the ASTNO-based transponders 148, 158,
160 to simultaneously re-initiate aggregations of spin waves, as illustrated in
Figure 28D. In this regard, the ASTNO-based transponders 148, 158, 160
may continuously re-initiate aggregations of spin waves to form a
reverberating memory cell.

[00135] A reverberation rate of the first reverberating memory cell 156 is
based on the propagation velocity of the aggregations of spin waves and the
separation distance 162. As the separation distance 162 decreases, the
reverberation rate increases. As such, the first reverberating memory cell 156
may function as a spin wave oscillator having an oscillation frequency at the
reverberation rate.

[00136] Figure 29 shows the topwise cross-section TWCS of the ASTNO
structure 40 illustrated in Figure 5 according to an alternate embodiment of
the ASTNO structure 40. The topwise cross-section TWCS of the ASTNO
structure 40 is taken inside the first magnetic propagation material 52. As
such, the ASTNO structure 40 includes a reverberating memory cell array
166, which has the first reverberating memory cell 156, a second
reverberating memory cell 168, and up to and including an N™ reverberating
memory cell 170. The topwise cross-section TWCS illustrated in Figure 29
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includes portions of the reverberating memory cells 156, 168, 170 in the first
magnetic propagation material 52. The second reverberating memory cell
168 and up to and including the N™ reverberating memory cell 170 may be
similar to the first reverberating memory cell 156.

[00137] In one embodiment of the reverberating memory cell array 166, the
reverberating memory cells 156, 168, 170 are used for information storage. In
an alternate embodiment of the reverberating memory cell array 166, the
reverberating memory cells 156, 168, 170 are used as spin wave oscillators,
such that each spin wave oscillator has a corresponding oscillation frequency.
[00138] In an additional embodiment of the reverberating memory cell array
166, the reverberating memory cells 156, 168, 170 are used as spin wave
oscillators, such that at least some of the reverberating memory cells 156,
168, 170 have different separation distances 162 (Figure 28A) from one
another. As such, at least some of the reverberating memory cells 156, 168,
170 have different oscillation frequencies from one another. In this regard,
the reverberating memory cell array 166 may combine the functionality of spin
wave oscillators with the functionality of a spin-wave locking system to provide
a controllable oscillator block having multiple operating frequency regions.
Each frequency region may have a basin of attraction and may be associated
with a corresponding spin wave oscillator. As such, the frequency region may
be based on the oscillation frequency of the spin wave oscillator, which may
tend to lock on to externally applied spin waves having frequencies within the
basin of attraction. Controllable oscillator blocks may be used to reproduce
certain neural behaviors associated with brain functions. By reproducing
processing methods of the human brain, electronic circuitry and computer
systems may be able to perform tasks, such as pattern recognition, more
efficiently and effectively.

[00139] Figure 30 shows the frontwise cross-section FWCS of the ASTNO
structure 40 illustrated in Figure 5 according to an additional embodiment of
the ASTNO structure 40. The ASTNO structure 40 illustrated in Figure 30 is
similar to the ASTNO structure 40 illustrated in Figure 5 except the ASTNO
structure 40 illustrated in Figure 30 further includes intervening layers 172
over the first insulating layer 54, a second spin polarizing layer 174 over the
intervening layers 172, a second conductive spacer layer 176 over the second
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spin polarizing layer 174, a second magnetic propagation material 178 over
the second conductive spacer layer 176, and a second insulating layer 180
over the second magnetic propagation material 178. By including additional
layers 172, 174, 176, 178, 180, a nano-oscillator magnetic wave propagation
system 36 (Figure 4) having increased capabilities may be provided. Spin
waves may be initiated in the first magnetic propagation material 52, the
second magnetic propagation material 178, or both. In this regard, capacity is
increased and spin waves in the second magnetic propagation material 178
do not interfere with spin waves in the first magnetic propagation material 52,
and vice versa. In alternate embodiments of the ASTNO structure 40, any or
all of the layers 48, 50, 52, 54, 172, 174, 176, 178, 180 may be omitted;
additional layers (not shown) may be added, or both.

[00140] Figure 31 shows details of the ASTNO structure 40 illustrated in
Figure 30 according to one embodiment of the ASTNO structure 40. The
ASTNO structure 40 illustrated in Figure 31 includes the second group 146 of
ASTNOs, such that all of the second group 146 of ASTNOs share the second
spin polarizing layer 174, the second conductive spacer layer 176, the second
magnetic propagation material 178, and the second insulating layer 180.
Each of the second group 146 of ASTNOs is disposed about the second
emanating point 150. In one embodiment of the ASTNO structure 40, the
second emanating point 150 is the second centroid, such that each of the
second group 146 of ASTNOs is about equidistantly located from the second
emanating point 150.

[00141] In one embodiment of the ASTNO structure 40, the ASTNO
structure 40 has a second group of point contacts on the second magnetic
propagation material 178. Each of the second group of point contacts is
disposed about the second emanating point 150 in the second magnetic
propagation material 178.

[00142] In a first embodiment of the ASTNO structure 40, during the first
wave propagation state, each of the second group of point contacts and a
corresponding portion of the second magnetic propagation material 178
provide the second group 146 of ASTNOs. Further, during the first wave
propagation state, each of the second group 146 of ASTNOs initiates spin
waves 24 (Figure 6) through the second magnetic propagation material 178,
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such that a portion of the spin waves 24 (Figure 6) from each of the second
group 146 of ASTNOs combine to produce the second aggregation 152 of
spin waves emanating from the second emanating point 150. During the first
wave propagation state, each of the second group 146 of ASTNOs may about
simultaneously initiate spin waves 24 (Figure 6) through the second magnetic
propagation material 178.

[00143] In a first embodiment of the control circuitry 38 (Figure 4), during
operation, the control circuitry 38 (Figure 4) selects one of the first wave
propagation state, a second wave propagation state, and the non-wave
propagation state. In a second embodiment of the control circuitry 38 (Figure
4), during operation, the control circuitry 38 (Figure 4) selects one of the first
wave propagation state, the second wave propagation state, both the first and
the second wave propagation states, and the non-wave propagation state.
[00144] During the second wave propagation state, each of the second
group of point contacts and a corresponding portion of the second magnetic
propagation material 178 provide the second group 146 of ASTNOs. Further,
during the second wave propagation state, each of the second group 146 of
ASTNOs initiates spin waves 24 (Figure 6) through the second magnetic
propagation material 178, such that a portion of the spin waves 24 (Figure 6)
from each of the second group 146 of ASTNOs combine to produce the
second aggregation 152 of spin waves emanating from the second emanating
point 150. During the second wave propagation state, each of the second
group 146 of ASTNOs may about simultaneously initiate spin waves 24
(Figure 6) through the second magnetic propagation material 178.

[00145] Mathematical modeling of the nano-oscillator magnetic wave
propagation system 36 is presented. The mathematical modeling may be
based on the Landau-Lifshitz-Gilbert equation in thin film ferromagnetic films
with an additional positive damping term corresponding to torque from a
polarized current to a magnetic film. Let M denote the magnetization vector in
the thin film, then if an external magnetic field is applied, the spin-magnetic
moments will initially precess around the direction of the applied field, and
eventually align with the field as the result of damping. An applied polarized
current of a certain polarity will cause a negative damping, and if the applied
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current exceeds a certain threshold (j > jeq), then a spin-wave excitation will
be created. This is described by the equation:

oM
= :_|7|y0 MxH,, —a%—ﬂ;Mx(MxHeﬁHﬁ(x)(M xMxm,), (Eq.3)

where the precession (first term) and damping (second term) are controlled by
the effective field Hes, being the sum of the applied field, the demagnetizing
field, and the exchange field,

D
H,=Hz-Mz+——V°M. (Eq. 4)
7 ’ |7iﬂ0Myh

and the spin-torque (third term) is controlled by the spin polarization direction
of the applied current, m,. Ms is the saturation magnetization of the free layer.
No variations in the z—-component are considered since the model is
described in two dimensions. The free layer may be thin compared with the
exchange length so that it is reasonable to neglect variations of the
magnetization in the z direction. The function A(x) is a Heaviside function

defining the contact sizes and locations. Furthermore, the function g

depends on the current intensity, the layer thickness and the spin polarization.
We define dimensionless parameters

M w X
m=—=(m,m,,m,),7=-Lrx'=—
M A 2

)

5 ex

where w,, =2mu.M  is the Larmor frequency for an applied field Ms and /e is

the exchange length.Equation 3 can be rewritten as

?9—m:—(h—mz)mxz—mxvzm)+a(h—mz)mx(mxz)—amx(mxvzm)
T

+ /' (X )mX(mXxm )
Where h=H /M ,m =M _/M  and S'(x')=B(x)/( ylu,). Since the
magnetization vector m=M/M; lies on the unit sphere we consider the

components of m as:
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. 2
m=m,+im, m, :w[1—|m|

With these notations the Landau-Lifshitz equation takes the form of a
nonlinear Schrédinger equation:
om

> = —mVZmZ +(m, + io)Vim— (m, —hym—iath—m, )mm+a(Vm_ |+] Vimlm
T

+ iﬂ'(x’)[(mzm)mpZ + (mxmy — (mz2 + mi)mpx) + (mxmy - (mz2 + mi)mpx]

aamz = —Im(n'V?m) + a(h—m ) m > +a[V?m_ +( Vi > +1Vm, P)m|
T

ﬂ'(x’)ﬁ ml’ m,, —(mm_ )ym, +(mm)m, ],

(Eq. 6)

where V* denotes the 2-dimensional Laplacian. To have an overall idea of
the dimensionless parameters, a permalloy film with a saturation
magnetization of about 640 KA/m is considered. Thus, the Larmor

frequency, @, , is about 2z -23 GHz, the exchange length, /e, is about 6

nanometers, and the dimensionless damping, «, is of order 1072 In one
embodiment of the ASTNO structure 40 (Figure 5), the spin-wave wave-fronts
98, 100, 102, 104 illustrated in Figure 9D are governed by the nonlinear
Schrédinger equation illustrated above.

[00146] Applying a small parameter perturbation analysis (m =amfor a <<1)
and linearizing Eq. 6, provides:

l%—n;:(1+105)V2n~1—(h—1)ﬁ1—la(h—1)n~1. (Eq. 7)

[00147] None of the embodiments of the present disclosure are intended to
limit the scope of any other embodiment of the present disclosure. Any or all
of any embodiment of the present disclosure may be combined with any or all
of any other embodiment of the present disclosure to create new
embodiments of the present disclosure.
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[00148] Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present disclosure. All
such improvements and modifications are considered within the scope of the
concepts disclosed herein and the claims that follow.
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Claims

What is claimed is:
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A nano-oscillator magnetic wave propagation system comprising:

e control circuitry adapted to during a first wave propagation state,
receive a first plurality of exiting excitation currents via a first
plurality of point contacts; and

. an aggregated spin-torque nano-oscillator (ASTNO) structure
comprising a first magnetic propagation material, wherein:

e each of the first plurality of point contacts is on the first
magnetic propagation material and is disposed about a first
emanating point in the first magnetic propagation material; and

e during the first wave propagation state, each of the first
plurality of point contacts and a corresponding portion of the
first magnetic propagation material provide a corresponding
one of a first plurality of ASTNOs adapted to initiate spin
waves through the first magnetic propagation material, such
that a portion of the spin waves from each of the first plurality
of ASTNOs combine to produce a first aggregation of spin

waves emanating from the first emanating point.

The nano-oscillator magnetic wave propagation system of claim 1
wherein during the first wave propagation state, each of the first
plurality of ASTNOs is further adapted to about simultaneously initiate
the spin waves though the first magnetic propagation material.

The nano-oscillator magnetic wave propagation system of claim 2

wherein:

e the spin waves from each of the first plurality of ASTNOs have a
corresponding spin-wave wave-front with a corresponding wave-
front amplitude; and

e the first aggregation of spin waves has a first aggregated spin-
wave wave-front with a first aggregated wave-front amplitude,
which is greater than each corresponding wave-front amplitude.
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4, The nano-oscillator magnetic wave propagation system of claim 3
wherein:

e aportion of the spin waves from each of the first plurality of
ASTNOs combine to produce a plurality of partially aggregated
spin waves, such that each of the plurality of partially aggregated
spin waves has a corresponding partially aggregated spin-wave
wave-front with a corresponding partially aggregated wave-front
amplitude; and

e the first aggregated wave-front amplitude is greater than each
corresponding partially aggregated wave-front amplitude.

5. The nano-oscillator magnetic wave propagation system of claim 4
wherein:
e the first aggregated spin-wave wave-front is detected;
e none of the corresponding spin-wave wave-fronts are detected;
and
. none of the corresponding partially aggregated spin-wave wave-
fronts are detected.

6. The nano-oscillator magnetic wave propagation system of claim 1
wherein:

e the control circuitry is further adapted to select between the first
wave propagation state and a non-wave propagation state;

e the first magnetic propagation material has a first plurality of
magnetic moments;

e during the non-wave propagation state, the first magnetic
propagation material is adapted to receive a first polarizing
magnetic field;

e during the non-wave propagation state, the first plurality of
magnetic moments are substantially oriented based on the first
polarizing magnetic field; and

e  during the first wave propagation state, the spin waves initiated
from the first plurality of ASTNOs propagate through the first



10

15

20

25

30

WO 2012/033571

P1244

PCT/US2011/044790
55

magnetic propagation material by magnetically coupling to nearby

magnetic moments in the first magnetic propagation material.

7. The nano-oscillator magnetic wave propagation system of claim 1

wherein each of the first plurality of point contacts is about equidistantly

located from the first emanating point in the first magnetic propagation

material, such that the first emanating point is a first centroid.

8. The nano-oscillator magnetic wave propagation system of claim 1

wherein:

the first magnetic propagation material has a first plurality of
magnetic moments;

during the first wave propagation state, the first plurality of
ASTNOs is adapted to have a first plurality of spin-polarized
excitation currents;

each of the first plurality of ASTNOs has a corresponding one of
the first plurality of spin-polarized excitation currents;

each of the first plurality of spin-polarized excitation currents
exerts spin-torque on a corresponding portion of the first plurality
of magnetic moments; and

each of the first plurality of spin-polarized excitation currents
provides a corresponding one of the first plurality of exiting
excitation currents via a corresponding one of the first plurality of
point contacts.

9. The nano-oscillator magnetic wave propagation system of claim 1

wherein:

during the first wave propagation state, the first plurality of
ASTNOs is adapted to have a first plurality of spin-polarized
excitation currents;

each of the first plurality of ASTNOs has a corresponding one of
the first plurality of spin-polarized excitation currents; and

each of the first plurality of spin-polarized excitation currents
provides a corresponding one of the first plurality of exiting
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excitation currents via a corresponding one of the first plurality of
point contacts.

The nano-oscillator magnetic wave propagation system of claim 1
wherein the first magnetic propagation material is bulk material, such
that the first aggregation of spin waves propagates in three

dimensions.

The nano-oscillator magnetic wave propagation system of claim 1
wherein the first magnetic propagation material is planer material
having a first planer surface and a second planer surface, which is
about parallel to and opposite from the first planer surface, such that
the first aggregation of spin waves propagate predominantly in two

dimensions.

The nano-oscillator magnetic wave propagation system of claim 1

further comprising a first spin-wave detector wherein:

e the first spin-wave detector and the first plurality of ASTNOs share
the first magnetic propagation material; and

e  during the first wave propagation state, the first spin-wave
detector is adapted to receive a portion of the first aggregation of

spin waves.

The nano-oscillator magnetic wave propagation system of claim 12

wherein:

e the nano-oscillator magnetic wave propagation system is a spin-
wave based communications system adapted to during the first
wave propagation state, convey information from the first plurality
of ASTNOs to the first spin-wave detector; and

e the first aggregation of spin waves is a first aggregation of
modulated spin waves, such that modulation of the first
aggregation of modulated spin waves is based on the information.
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The nano-oscillator magnetic wave propagation system of claim 12

wherein:

e the nano-oscillator magnetic wave propagation system is a spin-
wave based measurement system, which is adapted to measure
effects of a physical entity upon the portion of the first aggregation
of spin waves to provide measured effects; and

e the measured effects are based on detection of the portion of the
first aggregation of spin waves by the first spin-wave detector.

The nano-oscillator magnetic wave propagation system of claim 12

wherein:

e the nano-oscillator magnetic wave propagation system is a spin-
wave locking system;

e the first spin-wave detector is a first spin-torque nano-oscillator
(STNO); and

o the first STNO is adapted to during the first wave propagation
state:
¢ initiate spin waves through the first magnetic propagation

material; and

¢ lock to the portion of the first aggregation of spin waves.

The nano-oscillator magnetic wave propagation system of claim 1

further comprising a first spin-wave wave-front detector wherein:

e the nano-oscillator magnetic wave propagation system is a spin-
wave wave-front based system;

e the first spin-wave wave-front detector and the first plurality of
ASTNOs share the first magnetic propagation material;

e the first aggregation of spin waves has a first aggregated spin-
wave wave-front;

e  during the first wave propagation state, the first spin-wave wave-
front detector is adapted to receive a portion of the first
aggregated spin-wave wave-front; and
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e  during the first wave propagation state, the nano-oscillator
magnetic wave propagation system is adapted to detect the
portion of the first aggregated spin-wave wave-front.

17.  The nano-oscillator magnetic wave propagation system of claim 16
further comprising a memristic device wherein:
e the memristic device is adapted to operate in one of a high
resistance state and a low resistance state; and
e  detection of the first aggregated spin-wave wave-front is based on
the memristic device switching from the high resistance state to
the low resistance state.

18.  The nano-oscillator magnetic wave propagation system of claim 16
wherein the nano-oscillator magnetic wave propagation system is a
spin-wave based polychronous wave propagation system, which is
adapted to provide polychronous activity that is analogous to
polychronous activity in a brain.

19.  The nano-oscillator magnetic wave propagation system of claim 1
wherein the ASTNO structure further has a second plurality of point
contacts on the first magnetic propagation material, such that:

. each of the second plurality of point contacts is disposed about a
second emanating point in the first magnetic propagation material;
and

e  during the first wave propagation state, each of the second
plurality of point contacts and a corresponding portion of the first
magnetic propagation material provide a second plurality of
ASTNOs adapted to initiate spin waves through the first magnetic
propagation material, such that a portion of the spin waves from
each of the second plurality of ASTNOs combine to produce a
second aggregation of spin waves emanating from the second

emanating point.
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20.  The nano-oscillator magnetic wave propagation system of claim 19
further comprising a first spin-wave wave-front detector wherein:

e the nano-oscillator magnetic wave propagation system is a spin-
wave wave-front based system;

e the first spin-wave wave-front detector, the first plurality of
ASTNOs, and the second plurality of ASTNOs share the first
magnetic propagation material;

e the first aggregation of spin waves has a first aggregated spin-
wave wave-front, which has a first aggregated wave-front
amplitude;

e the second aggregation of spin waves has a second aggregated
spin-wave wave-front, which has a second aggregated wave-front
amplitude;

e  during the first wave propagation state, the first spin-wave wave-
front detector is adapted to simultaneously receive a portion of the
first aggregated spin-wave wave-front and a portion of the second
aggregated spin-wave wave-front;

e the portion of the first aggregated spin-wave wave-front and the
portion of the second aggregated spin-wave wave-front combine
to form a combined wave-front having an aggregated amplitude;

e the aggregated amplitude is larger than the first aggregated wave-
front amplitude;

. the aggregated amplitude is larger than the second aggregated
wave-front amplitude and

e  during the first wave propagation state, the nano-oscillator
magnetic wave propagation system is adapted to detect the
combined wave-front.

21.  The nano-oscillator magnetic wave propagation system of claim 1
wherein the ASTNO structure further comprises a second magnetic
propagation material and has a second plurality of point contacts on
the second magnetic propagation material, such that:
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. each of the second plurality of point contacts is disposed about a
second emanating point in the second magnetic propagation
material; and

e  during the first wave propagation state, each of the second
plurality of point contacts and a corresponding portion of the
second magnetic propagation material provide a corresponding
one of a second plurality of ASTNOs adapted to initiate spin
waves through the second magnetic propagation material, such
that a portion of the spin waves from each of the second plurality
of ASTNOs combine to produce a second aggregation of spin

waves emanating from the second emanating point.

A method comprising:

providing a first magnetic propagation material, wherein:

e afirst plurality of point contacts is on the first magnetic
propagation material; and

e each of the first plurality of point contacts is disposed about a
first emanating point in the first magnetic propagation material;

. selecting one of a first wave propagation state and a non-wave

propagation state; and

. during the first wave propagation state:

e receiving a first plurality of exiting excitation currents via the
first plurality of point contacts;

e providing a first plurality of ASTNOs; and

e initiating spin waves through the first magnetic propagation
material from each of the first plurality of ASTNOs, such that a
portion of the spin waves from each of the first plurality of
ASTNOs combine to produce a first aggregation of spin waves

emanating from the first emanating point.
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